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FINAL TECHNICAL REPORT

AWARD: Grant AFOSR 90-0147

PRINCIPAL INVESTIGATOR: Gary Aston-Jones, Ph.D.

PERIOD COVERED: Dec 15, 1989 through Dec 14. 1992

OBJECYVES:
(Previous Statement of Work). Our work supported by AFOSR has initiated the study of cellular
mechanisms underlying vigilance and selective behavioral responsivity in primates. We have
established a behaving primate preparation for recording discharge of locus coeruleus (LC)
neurons in brain during performance of a vigilance task that resembles those used in human
psychophysical studies. In the present application we propose to continue and extend these
studies. (1) We will record monkey LC unit activity during a vigilance task modified to allow a
wide range of stimulus presentation and difficulty. Also, eye position and pupillary diameter
will be continuously monitored throughout recordings to ascertain (a) trials during which the
animal attends to the task and detects sensory cues (gaze directed at task stimuli) vs. those in
which attention is directzd elsewhere, and (b) concurrent activity in the autonomic nervous
system (.reflected in pupillqry diameter), a measure of stress response during the task and a
possibly important concomitant of central systems in mediating adaptive behavioral responsivity.
(2) We will monitor cortical electrical events, termed event-related potentials (ERPs), thought to
reflect selective processing of meaningful sensory stimuli, and investigate the role of LC in
generating these cortical signals in two ways: (a) simultaneous ERP and LC unit recordings will
determine the temporal association between these two events; and (b) local microinjections of
selective pharmacologic agents w'l1 be used to transiently and specifically inactivate or activate
NE-LC neurons while recording ERPs. Such specific manipulations of LC will also allow
analysis of vigilance behavior while LC is either inactivated or activated. (3) We will challenge
animals' performance by varying task parameters and introducing distractors and environmental
stressors that are known to influence vigilance in humans. LC and ERP activity will be
monitored, and in other experiments LC will be selectively activated or inactivated, to test the
role of this system in mediating adaptive behavioral responsivity under adverse conditions.

The proposed studies will examine in detail both the temporal association (via LC
recordings) and functional dependency (via LC activation and inactivation) between the brain
noradrenergic LC system, higher-order attentional processing (ERPs), and vigilance pertormance
during normative as well as during stressful conditions. Results of these experiments will open
the way to examination of afferents to LC in future studies, to understand c"'C.its and
mechanisms involved in determination and processing of the specific stimulus attributes (novel,
unexpected, or threatening) that activate LC.

STATUS OF RESEARCH EFFORT:
This section reviews our progress on this project during the previous award. As reviewed

below, major progress included (i) improvement of techniques to record LC discharge in
behaving monkeys. (ii) further characterization of monkey LC activity during naturalistic
behaviors, (iii) characterization of LC responsiveness to target cues during a vigilance task in ....
relation to tonic LC activity and behavioral task performance. and (iv) specification of short- and
long-term relationships between tonic LC activity and stably focused vs. labile attention.

1. Improvement of techniques to record LC discharge in behaving monkeys. Recording from
small, deeply located structures in the brain poses significant technical problems. As the
reliability of the technique and quality of data obtained are of the utmost importance in
recordings from primate, we devoted considerable time and effort during the last funding period
to improving our techniques. Novel and original methods for recording from the LC (including a
newly designed microdrive, infrared video eye movement monitoring, alignment frame allowingX-rays in stereotaxic planes, and data acquisition and analysis procedures) were implemented.
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tested and further adjusted during all successive recordings. This new technology markedly
improved the quality of recordings and heightened the yield of LC neurons recorded. Some of
these technical advances are described below

We have developed techniques for recording stable unit activity from primate LC using
microwire electrodes (25 prm diameter). In our studies. such electrodes were additionally
improved by grinding the tip of the wire to a conical shape. These electrodes yield stable
recordings of high signal/noise (better than 3/I) from single neurons in LC for several hours in
the waking monkey performing a vigilance task. We find this technique to be much better than
conventional etched tungsten microelectrodes for recording LC neurons.

We have also designed and constructed a novel microwire holder and advancer for recording
unit activity, and developed improved methods of localizing LC. This recording device is
especially suited for penetrations into deep brain structures in behaving animals. In brief, a
screw-driven microdrive assembly is attached to a small stereotaxically implanted cylindrical
pedestal. with the guide cannula stereotaxically positioned 5 - 8 mm above the LC. This design
allows small but accurate repositioning of the guide cannula between recording sessions,
permitting rostrocaudal and mediolateral adjustments in the initial stereotaxic position so as to
precisely localize LC, and allowing multiple penetrations throughout different areas of the LC
nucleus to record from a large number of cells in each hemisphere. Due to the abundance of
easily identifiable electrophysiological landmarks in the vicinity of LC (auditory responses in
inferior colliculus: cell activity with eye movements in the trochlear and abducens nuclei; cell
activity with jaw movements in the Mesencephalic V nucleus, large, fast spikes with distinctive
complex spike bursts in the cerebellum), and the readily recognizable discharge characteristics of
LC neurons, it typically takes only a few penetrations to locate LC after the surgery. LC neurons
are readily identified by their distinctive broad spike waveforms, slow steady discharge, marked
decrease in activity with drowsiness, and biphasic (excitatory-inhibitory) responses to novel
stimuli. As changing electrode tracks does not entail exposing the dura or brain tissue, the
possibility of infection is greatly reduced. In our studies using these techniques, unit recordings
have been obtained from individual animals for over 6 months with no signs of infection. Also,
as only 1 or 2 microwires (25 uirn dia.) pass through the region of LC, damage to this area is
slight even with multiple penetrations: no gross damage has been observed in histology from the
LC in our previous experiments. The device also allows for replacing damaged electrodes, or
switching between single- or multiple-wire electrodes, stimulating electrodes or "chemtrodes"
(combined recording/infusion electrodes). Data have been obtained from more than 200 LC
neurons in behaving monkeys with these new techniques.

We have designed and implemented an alignment frame that permits X-ray images to be
made in stereotaxic planes. This device is a simple Plexiglas frame that fits onto the A-P bars of
a Kopf stereotaxic fiamne, uver the animal's head. The fixation post is positioned in a post-holder,
which is then positioned in the X-ray frame so that the post is properly positioned on the animal'
s head. The post is then cemented to the animal's head, and the post-holder is cemented to an
opening in the top of the frame. After the cement hardens, the post is released from the post-
holder, and the X-ray frame is removed. The post-holder remains cemented to the X-ray frame
throughout experiments for the monkey; each monkey has his own X-ray frame (they are
recycled after sacrifice). At any later time, the animal can be re-anesthetized with ketamine and
placed back into the X-ray frame by inserting the head-mounted post into the post-holder. This
places the animal's head in stereotaxic position with respect to the X-ray frame. In making X-ray
photographs, the alignment pins and ear bar markers (inserts temporarily placed in the animal's
auditory meatus) are used to align the frame with respect to the camera. The ear bar inserts then
are used to measurtL stereotaxic positions in the X-rays. We have found this technique, combined
with the distinctive characteristics of LC neurons and the landmarks around LC. to be very useful
in guiding our initial adjustments to the LC cannula, and to shortening td,; tinic that is required to
find LC with recording electrodes after surgery.

2. Monkey LC discharge during naturalistic behaviors, and in response to unconditioned
sensory stimuli. As previouslv reported in variotis sn•cie monkcy LC neurons decreased
activity with decreased arousal (drowsiness) and during certain other behaviors characterized by
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lowered attentiveness to the sensory environment (e.g.. gruoming and eating). Abrupt transitions
in behavioral state to increased arousal were consistently associated with (preceded by) increased
discharge of LC neurons. As found for other species. LC activity in monkey was most phasically
active during such state transitions to high vigilance, and was highly correlated with orienting
behaviors.

LC activity in monkeys was also activated by novel or intense unconditioned sensory
stimuli. qimilar to results in rat and cat. we found that monkey LC cells responded to such
stimuli with a brief excitation following by a more prolonged period of diminished activity. As
with spontaneous discharge, sensory-evoked LC activity was most intense for stimuli associated
with an orienting behavior indicating increased vigilance; conversely, periods of low vigilance
were associated with reduced sensory responsiveness.

These observations for sensory LC responses in monkey are consistent with the overall
observation that LC neurons were most active, and responded most intensely to stimuli, in
association with orienting behaviors and an apparent increase in vigilance. As conspicuous or
complex stimuli most consistently elicited these behavioral responses and associated state
changes, the above data for stimuli effective in driving monkey LC fit with our previous
behavioral analyses of rat LC activity. Overall, these data indicate that sensory stimuli effective
in eliciting LC discharge have specific attributes. It appears that LC is geared to respond to
stimuli that are conspicuous to animal: stimuli which by their physical or behavioral properties
evoke a change in attention.

3. Discharge of monkey LC neurons during a sustained attention task If the LC regulates
vigilance and attention to salient cues as we have proposed, we reasoned that it should respond
not only to physically intense stimuli but also to conditioned, meaningful stimuli that require an
immediate behavioral response but that are not conspicuous by virtue of their physical attributes.
We tested this prediction in recordings of LC neurons in waking cynomolgus monkeys
performing an oddball visual discrimination task. In this task, the animal was required to
continuously depress a pedal and attend to visual cues. In most of our recordings, the animal was
also required to foveate a small spot in the center of the video display to initiate each trial.
thereby ensuring attentiveness to the task. Release of the bar within 500 msec after a target cue
(vertical or horizontal bar) was rewarded by juice; incorrect releases or misses were followed by
a time out. Target cues were presented randomly on 10% or 20% of trials, and the non-target cue
was presented on 90% or 80% of the trials. Thus, this task required the monkey to attend over a
long period of time (a single session often lasted one hr), withhold responses to the frequent
nontarget cues, and respond selectively to infrequent target stimuli. This task is similar to those
used in human studies of vigilance and sustained attention.

Single- and multi-cellular activity were recorded from 161 LC neurons in 4 Cynomolgus
monkeys performing this vigilance task. We alsu ickorded cortical event-related potentials
(ERPs) in response to the sensory cues, as previous work in humans and in monkeys indicated
that such slow-wave activity may signal attentional processing in the brain. Initial results of
these studies are found in our recent publications. Impulse activity of LC neurons was stable
during performance of this behavioral task; single cells could be routinely tracked for hours.
Peri-stimulus time histograms (PSTHs) were generated for target stimuli which were followed by
a lever response within the allowable delay (hits), for nontarget stimuli followed by a lever
release (false alarms). for target stimuli that did not elicit lever responses (misses), for lever
responses regardless of stimuli, and for delivery of juice.

Analyses of these histograms across cells revealed a great deal of specificity in activity of
LC neurons during this task. Only one cell had activity specifically related to lever release, and
only one cell exhibited no response to any parameter examined. The largest category of cells
(8 1/134) were activated selectively by target stimuli but not by nontarget stimuli, lever release or
juice delivery; 9/134 cells were selectively inhibited under the same set of circumstances.
Twenty-,;-. of the 134 cells were activated by both target and nontarget stimuli, but for these
cells responses to target stimuli were substantially more robust than nontarmet-e'.'zited activity
"Thcse resulti indica:z that LC neurons are responsive to non-conspicuous stimuli that are
meaningful by virtue of conditioning, and that require an immediate response.
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Recordings during reversal training further supported these conclusions. Within 15 min of
reversing target and non-target cues cells terminated their response to the previous target
stimulus and began selectively responding to the new target (previously nontarget) cue. Thus.
these responses were specifically related to the meaningfulness of the stimuli, not to their
physical attributes. Interestingly, these changes varied closely with behavioral performance. so
that responses to the new target cue increased (and responses to the new non-target cue
decreased) as the percentage of correct behavioral responses to the new target cue increased (and
behavioral responses to the new non-target cue decreased). Together. these results are consistent
with the possibility that phasic. sensory responses of primate LC neurons has a role in facilitating
responses to significant sensory stimuli.

In addition. cortical ERPs exhibited a similar set of properties. That is. long-latency ERPs
(200-300 msec) were selectively elicited by target, but not by non-target, cues. These potentials
also reversed with behavior and LC responses during reversal training, so that the long-latency
ERPs came to be selectively elicited by the new target cue. These results are consistent with the
possibility that LC responses to target stimuli may participate in the generation of the long-
latency ERP activity. This would be consistent with other results indicating that LC lesions
decrease the amplitude of ERPs in monkeys.

Therefore. there is a close relationship among LC-NE neurons, cortical ERP activity, and
behavioral responding to meaningful sensory cues. These results indicate that LC responses can
be conditioned to salient stimuli and events in the environment, a potentially important attribute
for understanding the role of this system in attentional processing.

4. Fluctuations in monkey LC tonic and sensory evoked activities are associated with
alterations in focused attentiveness and task performance. LC tonic activity and task
performance - In our recent studies we have observed that all 10 LC neurons analyzed from
selected long-duration recordings alternated between 2 discrete levels (rates) of spontaneous
activity, with each level lasting tens of min. These levels changed in an abrupt "step"-like
fashion). In some of our recordings lasting for several hours, LC neurons switched between 2
levels of long-term discharge several times. The difference in discharge rates of these levels was
small, in the range of 1 - 2 spikes/sec. but nevertheless quite conspicuous. As described in a
preliminary report, these different levels of LC discharge were closely associated with
differences in behavioral performance on the vigilance task described above. The periods of
elevated LC activity were consistently accompanied by decreased vigilance performance, caused
primarily by an increase in the rate of false alarms (lever responses to nontarget stimuli) and
increased latencies of bar release following target stimuli, another indication of decreased
vigilance performance. In addition, a vigilance decrement is evident for epochs of both low and
elevated LC discharge; the major change in vigilance behavior during elevated LC activity is
lower overall performance than during epochs of lower LC activity. Tirus. dui ing the high
resting level of LC basal discharge animals responded indiscriminately by eliciting more
responses for non-target stimuli. and also exhibited longer latencies in response to target stimuli,
perhaps reflecting lower overall vigilance performance. There is also a suggestion in of a more
rapid vigilance decrement during epochs of higher LC activity. Additional cases are needed to
confirm this possibility. The rate of correct responses ("hits") did not increase with the increased
false alarm rate during periods of higher LC activity, as might be expected. In fact, hit rates
decreased slightly at these times. Analyses using signal detection theory indicate that during
periods of higher LC activity the discriminability of stimuli (d' factor) decreased, while the
animal's criterion for responding (B factor) remained roughly the same as for intermediate leveil
of activity. One interpretation of these results is that during the higher LC activity the animal
was less attentive to the task stimuli (making it more difficult to discriminate target from non-
target stimuli), but that his tendency to respond (response criterion) did not change from that of
intermediate LC rates. If this analysis is borne out in additional cells and animals, it may mean
that LC activity is more involved in the input (sensory) aspects of attention than in the output
(motor response) components.

LCfluctuations ad ,hanges in focused attentiveness - We also analyzed the frequency with
which the animal successfully visually fixated the fix spot, required to initiate each trial. As in
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other experiments using this method, foveation of the fix spot in this task is effortful and is a
measure of the animal's attentiveness and engagement in the task. As described in a preliminary
report. epochs of increased LC activity corresponded to decreased frequencie:; of fixation;
conversely, successful fixation increased during epochs of lower LC discharge. This inverse
relationship between LC activity and visual fixation was found to be highly statistically
significant for every cell tested using correlation analysis. Note. however, that very low LC
discharge was consistently associated with drowsiness as previously reported (described above),
and corresponded to low (or no) foveation and little overall task performance. Thus, tonic LC
activity in these experiments was related to attentiveness to the task by a curvilinear (inverted U)
relationship, with best task performance corresponding to an intermediate level of tonic LC
discharge. These results were not expected. and imply that focused attention corresponds to an
intermediate level ,)fLC activity.

It is possible that these changes in LC activity cause the changes in ,,ttention. However, it is
also possible that the altered LC activity is not causative of. but rather results from, the changes
in attention. Experiments are underway to discern these functional relationships by locally
activating or inactivating LC neurons during attentional tasks and measuring the effect on task
performance. Our working hypothesis is that very low activity (during drowsiness) provides too
little vigilance or alertness for task performance, while high activity results in a level or type of
vigilance that is not conducive to focused attention (required for task performance). Specifically.
we propose that elevated LC activity may promote a mode of scanning or labile attentiveness, in
which the attention span is short and easily altered by exogenous stimuli. This relationship
resembles previous arousal models of vigilance function, and may offer a neural substrate for the
curvilinear Yerkes-Dodson relationship between arousal and performance.

In addition to the long-term changes in resting discharge described above, LC neurons also
exhibited short-lasting fluctuations in activity (epochs 30-60 sec long). These transient discharge
levels were too brief to allow ready analysis of different false alarm rates or bar lease latencies as
found for the long-term discharge levels described above. However, we found that these short-
term changes in LC tonic discharge were often correlated with differences in short-term
attentiveness during the task as reflected in different frequencies of visual fixation, similar to the
relationship seen with longer-term changes in LC activity described above. Thus, even brief
elevations in LC discharge were typically associated with decreased fixation of the fix spot. We
have also examined LC activity as a function of simple eye position or movement, and have
found no consistent relationship. We have further analyzed short-term changes in LC activity
and foveation frequency to ascertain whether changes in LC activity anticipate. and may
therefore cause, changes in attentiveness as reflected in successful foveation. To this end. we
have analyzed LC spike patterns for the occurrences of bursts. Our preliminary results indicate
that a brief pausc in LC activity is associated with an increase in foveation frequency, while a
burst of LC activity is followed within a few hundred msec by decreased foveation frequency.
These results indicate that altered LC activity precedes the associated change in foveation. and
are consistent with (but do not prove) the possibility that the LC may cause the change in
attentiveness. As noted above, experiments proposed in Aim I will directly address this issue
further using direct manipulations of LC activity.

Fluctuations in tonic LC activirv and changes in LC sensorv responsiveness - Analysis of LC
responses to target stimuli during the longer epochs of different tonic activity revealed another
surprising but marked relationship. Periods of elevated resting activity in a typical LC neuron
were consistently associated with decreased responsiveness of that neuron to target stimuli in the
vigilance task; the phasic activation of LC neurons typically seen for target stimuli (described
above) was observed predominantly during epochs of intermediate tonic LC discharge and best
behavioral performance in all 10 cells examined to date. Thus, elevated basal LC discharge
corresponds to both decreased behavioral performance (due to indiscriminate responding, long
response latencies, and labile or unfocused attention) and decreased phasic activation of LC
neurons by target stimuli. Additional analyses are underway to fully evaluate these findings, but
they suggest that both phasic evoked responses as well as tonic discharge levels of monkey LC
neurons may affect attentional performance. As noted above, manipulations of phasic LC
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activity are proposed to determine the causal role of these target responses in vigilance
performance.

5. White noise transiently activates LC neurons and disrupts attentiveness. In preliminary
studies. LC neurons in one animal were recorded while the animal performed the above vigilance
task and white noise was briefly presented (100 db, 5-15 min). There was a transient activation
of LC neurons during the noise stimulus, but this quickly subsided even though the noise was
still present. In parallel with the increase in LC activity, the frequency with which the animal
foveated the fix spot decreased, reflecting decreased attentiveness to the task perhaps in response
to distraction by the onset of the noise. Additional presentations of the noise on the same day
yielded less or no response in LC activity or behavior, suggesting that habituation to the noise in
both cellular and behavioral measures was rapid during task performance. The effects of white
noise will be examined in additional LC cells in the proposed studies. In addition to examining
effects of brief noise presentation, we will also test whether prolonged exposure (>30 min) exerts
additional effects on LC activity or behavior not seen in the brief presentations. We will also
examine effects of noise on a task that measures attentional lability, the attentional
disengagement task.

6. Acute morphine decreases tonic activity and induces pronounced oscillation of LC
discharge in the waking monkey. LC neurons were recorded from waking, chair-restrained
cynomolgus monkeys before, and for 0.5 - 4 h after, i.m. injections of morphine sulfate (0.3 to 10
mg/kg). As shown in the attached publication [22], tonic discharge of each LC neuron tested
(n=1 1) decreased after morphine injection, this effect appeared to be dose-dependent for the
range of 0.3-3.0 mg/kg. Unexpectedly, these same doses of morphine also induced a pronounced
burst-pause discharge pattern in all LC neurons recorded. The bursts in activity corresponded to
(and anticipated) orienting behaviors and increased arousal, whereas pauses were associated with
apparent sedation. This was demonstrated using a burst analysis of LC ?ýdvity, where bursts of
LC activity after morphine were closely associated with pupillary dilation. Closer analysis
revealed that the burst-pause pattern in LC activity was regular, with a period of about 15-35 sec.
This observation was confirmed by autocorrelogram analysis. These results indicate that acute
opiates may exert a dual effect on LC neurons in waking animals: inhibition of discharge by
direct effects on LC cells, and phasic activation mediated by excitatory afferents to the LC.
These short-term changes in LC discharge after morphine resembled in frequency the short-term
changes described above during the vigilance task, except that the amplitudes of these changes
were much greater after morphine. It is interesting to compare the behaviors associated with
these fluctuations in discharge in the two conditions: LC bursts after morphine gave rise to
apparently increased vigilance while elevated activity in non-opiate testing was associated with a
decrease in focused attention. These may be similar effects, in that in both cases the elevated
activity may be associated with more lab'ic, lcz focused attention. It should be noted, of course,
that these behavioral observations are not strictly comparable; for example. animals consistently
stopped performing the vigilance task after even low doses of opiates. The relationship between
these two fluctuations in LC activity remains to be established.
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19. Van Bockstaele, E.J. and Aston-Jones, G. Collateralized projections from neurons in the
rostra! medulla to the nucleus locus coeruleus. the nucleus of the solitary tract and the
periaqueductal gray. Neuroscience 49: 653-668 (1992).

20. Drolet, G.. Van Bockstaele, E.V. and Aston-Jones, G.. Prominent opioid innervation of the
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Chouvet. G., Serotonin differentially modulates responses mediated by specific excitatory
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38. Shiekhattar. R. and Aston-Jones. G., Modulation of opiate responses in brain noradrenergic
neurons by basal and stimulated cAMP-dependent protein kinase: changes with chr nic
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39. Shipley. M.T.. Fu. L.. Ennis. M. and Aston-Jones. G., Distribution of locus coeruleus
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40, Aston-Jones, G,, Akaoka, H.. Shipley, M. and Zhu, Y., Selective inducton of Fos protein in
subsets of catecholamine neurons during opiate withdrawal (in prepaiadon for J, Neurosci.).

41. Grenhoff, J., Nisell, M., Ferre. S.. Aston-Jones, G. and Svensson, T.H., Noradrenergic
modulation of midbrain dopamine cell firing elicited by stimulation of the locus coeruleus in
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42. Harris, G. and Aston-Jones. G.. Beta-adrenergic antagonists attenuate somatic and aversive
signs of opiate withdrawal (in preparation for Scec).
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neurons is mediated by activation of periperal C-fibers (in preparation for i. Neurophysiol).

45. Aston-Jones. G.. Alexinsky. T., Rajkowski. J. and Kubiak, P.. Phasic activation of
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Gary Aston-Jones. Ph.D., Professor (Principal Investigator) 20%. 3 years
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INTERACTIONS:
Invited presentations at national and international meetings:
European Winter Conference on Brain Research, Les Arcs, France. March. 1990.
International Symposium on the Neurobiology of the Locus Coeruleus, Post Falls, Idaho. May,

1990.
XIllth Congress of the International Primatological Society, Kyoto. Japan. July, 1990.
European Brain and Behavior Society Symposium, "Functions of the forebrain cholinergic and

noradrenergic systems". Stockholm. Sweden, September, 1990.
McDonnell Foundation Workshop on Emotion, Montauk, New York, September. 1990.
Chairman and speaker, "The Ventrolateral Medulla: A Site for Integration of Pain, Sympathetic

Activity and Arousal", Special Panel, Winter Conference on Brain Research. Vail, Colorado,
January, 1991.

Chairman and speaker, "The Ventrolateral Medulla: A Site for Integration of Pain. Sympathetic
Activity, Respiration and Arousal", Workshop, IBRO 3rd World Congress of Neuroscience,
Montreal, Canada, August, 1991.

Chairman and speaker, "The Locus Coeruleus-Norepinephrine System: New Basic and Clinical
Perspectives". Panel, American College of Neuropsychopharmacology (ACNP). San Juan,
Puerto Rico, December, 1991.

Symposia presentations (2), Seventh International Catecholamine Symposium. Amsterdam. June,
1992.

International Research Conference of the American Academy of Osteopathy. on Nociception and
the Neuroendocrine Immune Connection, Cincinnati, Ohio, June, 1992.

American College of Neuropsychopharmacology (ACNP) Panel, "Neural Mechanisms of
Learning and Memory: Relevance to the Consequences of Severe Psychological Trauma",
San Juan, Puerto Rico, December. 1992.

Chairman and speaker, "Catecholamines and Attention: New Basic, Clinical and Modeling
Approaches". Workshop, Winter Conference on Brain Research, Whistler. British Columbia,
January, 1993.

The above does not include more than 15 invited seminars at other universities.
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IFROM THlE MEDULLA TO ATTENTION THROUGH THE LOCUS

COERULEUS: CELLULAR PHYSIOLOGIC AND ANATOMIC STUDIES."Ithts1 i.Aston-Jones, J. Rajkowski. P. Kubiak, T. Alexinsky I, M.T. Shipley-2, M. Ennis", H. Akaoka3 and B.
*\stier4. Div Behav Neurobiol. Iept. Mental Health Sci, Hahnemann Univ., M.S. 403, Philadelphia, PA
1")l12. USA. 'I URene Descartes, Dept. Psychophysiol. Paris, 75006, France*- 'Dept Cell Biol Anat. U
Cincinnati Coil Med. Cincinnati. O11 45267. USA: 31NSERM U171, Hospitalier Lyon-Sud, 69310 Pierre
lBenite, France,* 4U. Claude Bernard Fac.Pharm., 69008 Lyon, France.

N'oradrenergic neurons of the locus coleruleus (LC) in both rat and monkey decrease their tonic discharge
INith sleep but also with aroused, non-vigilant behaviors (grooming and consumptive behaviors). These cells
respond to sensory stimuli ot'nmany modalities. both internal and external, with greatest responses occurrng
for stimuli that cause orienting behavioral responses. Together with the broad efferent projections of LC
axons, and the modulation of target cell activity by NE. these results suggest that the LC functions to regulate
vigilance, defined as surveillance of the environment and readiness to respond to salient stimuli. New studies
recording LC neurons in monkeys performing an oddball discrimiation task reveal that these neurons are
selectively phasically activated by meaningful stimuli. Additionally, tonic activity fluctuates with minute-to-
minute fluctuations in attention (measured by frequency of visual fixation), such that optimal focused attention
and performance occurs with inter-mediate levels of LC activity.--Pese results suggest that phasic activation of
LC denotes urgent meaningful stimuli, while fluctuations in tonic LC activity may regulate whether animals are
drowsy (activitv too iowi, able to foculs attention (intermediate activity), or are too highly aroused to focus

.teton and repn eetvl "cning" node, activity too high). Anatomic studies of the sources of
,tferents to LC that may be responsible for such discharge properties have revealed that major inputs originate

.!1 2 rostnrl medullary ceil Lrou ps, the nuclei paragigantocellularis (PGi) and prepositus hypoglossi (PrH). The
11(i provides potent excitatory amino acid (EAA) and inhibitory adrenergic inputs, while the Pffi-i xnhiffittl LC
via GABA-A receptors. We and others have recently found that the PGi-EAA input is responsible for several
sensory-evoked responses of LC neurons, and also for the bulk of the hyperactivity that occurs in LC during
opiate withdrawal. Acents that interact with this EAA input modulate LC activity during these and other

mui.and mnay have a %.arietv of clinical applications. Prominent circuit and functional features of the P~i
.ý:w l~rl I extend our understaindingz of the LC as a vigilance system. The PrH is linked to orienting behaviors,

.,nlile the 11(i is a key sympathoexcitatorv region. These findings suggest that the LC is in a critical position to
:L euiate vi ' lance and a'ttention in parallel with orientation to salient sensory events and sympathetic activation
ýi rieripheral systems tor adaptive responses to salient urgent stimuli.
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Themes and Topicsi LOCUS COERULEUS (LC) NEURONS IN PRIMATE VARY WITH

IQV 1',I (Itinc l vic toni01c01 DISCRIMINATION PERFORMANCE IN A VIGILANCE TASK. P- itibifilL-J
~ \'~% ' .'d~cuflsi~hi~c Raikowski. Q. Luthin* and G. Aston-Jones, Div. Behaviorail Neurobiol., Dept. Menial

I' ".~'.~i~tli~t Ut.' Halth Sci.. Hahnemann University, Philadelphia. PA 19102.
*'k~~lt -~Previous studies indicate that the LC regulates vigilance, or attentiveness to

ist thernit~ilIi;X 4 \)4' -ensory stimuli. Consistent with this idea, we have recently reported that monkey LC
&C~ ~ them e letrr- neurons typically respond preferentially to target stimuli in a vigilance task (Aston-

)ns ct al.. Prog. Brain Res. 88: 501. 1991). We extended this analysis to include
hitopic nille I .hangics in discrimination performance and basal discharge rates of LC neurons.

S). )i)Ii. itiiilhwfn I I Individual LC neurons were recorded in 2 cynomolgus monkeys performing a
vigilance task which required bar release within 700 msec of a target stimulus (10 %

nid thvtit itl- of trials)____ but no response to non-target stimuli (90% of trials). Stimuli were

' I -'~eifc horizontal1 or vertical bars presented on a video screen. one of which occurred per trialN'0ý 1_11.ý It~'Th'me lner immediately after foveation of a central fix spot. The mean basclinc discharge rates
:id topic rik tle-"- of LC ncurons were typically between 1 and 4 spikes/sec. During prolonged task

~ ~ performance (more than 30 min). each of 15 LC neurons analyzed to date alternated
_________ topic___________ between tw6 levels of tonic activity which differed by 0.5 - 1.5 spike/sec: animals

were continuously alert throughout the task. These episodic changes in LC activity
"pt~cul lc~fL'%i .~.~r~rv(L~i1 corresponded to altered task performance such that epochs of elevated discharge were
* '~ft'.)accomnpanied by decreased discrimination, reflecting low-,red attention to task stimuli.

~ LAtT In addition, LC neurons appeared to be unresponsive t3 bouh taget and non-target
- tsk stimuli during such petiods of elevated discharge. In contrast, when LC activity

;Z o'.Ii.fL. resumed the lower level of discharge, discrimination performance markedly improved
and neurons exhibited fth typical phasic activationi by target stimuli. Thus. a strong
relationship exists among tonic LC discharge rate, sensory responsiveness of LC

_________________________ neurons-and vigilance performance. These-and other results (see Rajkowski et al..
"J,- -t~,.'ABSMTRA ;''' this volume) support a role for the LC in attention and vigilance. Additional work is

EE S'"' e-,-c ". ~ I underway to determine how these changes in LC activity contribute to the
N~rtcercI)IRA'A" ON A L.S. BANK IN accompanying changes in attention. Supported by AFOSR grant 90-0147.

L.S. DOLLARS ONLV. Sulhmm.lon of alniract
-,ranna ice doe nemr .!cnuo repisirlition for the

-k ntaiuSl Meeti

h FN %WORDS: iwe~ in',ttnci tirn% 1). 41

3. 6- 2ý Ole*____

"cliii III Sin lei rt'i Net virusv~lvoienc mrher reqirirird hrelo%%, \#, mrentber ,rftt t/ilpt morr thhn (tirle ahiirai'i. I he '.ving trel~ ff ihi'
mi,,tl he, o~il iahitr en, ithr Ipeiir tintu tin h~im Ail itrn' hr photi ra tufer tire mpv,,itoer- Iripincit ,ncqniherr Ironic t-f the vuhrillf.

llIll 1 .yiI



1992 - CI'IeI4A hIret'( , seRE.
Peso ail instructionis before typing abstract. PLACEMENT of absttact sub-

Use Call for AbStICets and reverse of this S.eii. ","ald giamoer, REMIT a nonre*
jall boxes uabO3ffgimm*%A

at let an belo ., .iýReplacemeint abstracts must bea:',ease Nrgc F' " Dack ink[ RECEIVED by MAY 12. 1992.
1irs irlIrewrnin1riv AkIlhor

Zanusz Raiowski., Ph.D.- RECOM_____ IMALESTED
Dept Metal ealh Scenc RECMMEDEDDEADLINE-Dp. IntlHelh-ceneTYPE SIZE: 10 POINT FOR

Hahnemann University SAMPLE: POSTMARKING:
'3road & Vine Streets 1 992 Annual Meeting MAY1, 1992

I Anaheim, CaliforniaPhiladelphia, PA 19103:; 215 246-5341 [October 25-30, 1992
* .2.. ,5 A4 -8fll.O. I n - - _________

L~j%(c arte' ~e siOonsor ~
P rese.ntation Preference .*-.r irne on t .. anstract.

ACTIVITY OF LOC '%.--;; V-,F IJ.EUS (LC) NEURONS IN BEHAVING
rheiesan Toic MONKEYS VARIES. 'jL ";AbNGES IN FOCUSED ATTNTION. j
:!i oi hemes anid tonit Raikowski0.P. Kubmak_ Div. Behavioral Neurobiol,. Dep. Mental
t cI tI~ie im I 'iI .Iflnl it i Health Sci., Hahnernann it'-.t i-sity. Philadelphia. PA 19102.

- in tmui >tr Our previous results revealed that sensory responses: of LC neurons in behaving-!1W%0U1monkeys are selectively elicited for attended stimuli in a discrimination task (Asto~n-
1'.: theme [lilt: h~'~- t C Jones et al.. Prog. Brain Res. 8: 501, 1991). Here we report that tonic LC discharge

I U.v theme letter -r also varies in close correspondence with attentiveness.
I Discharge of individual LC neurons was recorded from 2 cynomolgus monkeyshi' topic 6iiti L ý '-"A performing an attentionnil task (oddball visual discrimination). The results of activity

~~10i 11.~lL til lClklv "'- during this task are presented in an accompanying abstract (Kubiak et al.. this
volume). This task required that the animal foveate a central fix spot to initiate each

iid htrie itl: ~trial of stimulus presentation-, proper response to target stimuli resulted in juice
~ ~ ~ ~ .~ reward. Such foveation is cffortful and reflects attentiveness to the task. Duringýýýhem leter -1 drowsiness there was typically no task performance and LC activity was very low (

nd tpic itl ~ ~~JA ~a.~ t.5-spikcs/sec). We observed that dwjngsontinuous alertness and taski performance
topi nuher.$3. thc frcqucridics of both LC discharge and roveation fluctuated over short (10-30 sec)

______________________ and long time intervals (10.30 min). The long-term changes in LC discharge were
consistently inversely correlated with task behavior, such that slightly elevated LC'pecial ReqetsU~! 1C e. ~Lt~I'i activity (by 0.5 to I spike/sec) was accompanied by decreased foveation frequency

.. I~~1~ftS Iand poorer task performance. Correlation analyses revealed that this rellationship was
~ highly significant (of the 6 cells quantitatively analyzed to date, typically-r--m06Opc

I . c ).(X)I). In addition, even short-term increases in LC tonic activity often corresponded
a e, i~k- to marked. short-lasting reductions in foveation frequency. These results sugget dtha

focused attentiveness varies with tonic LC dischaige in an inverted U relationsihip.
_______________________ Very low LC activity is associated with drowsiness and inattentiveness. while high
_______________________ tonic LC discharge corresponds with labile attention and restlessness: optimal

S\BsrRAk7~.\ focusing of attention occurs with intermediate levels of tonic LC activity. Additional
s~ ~ ~ ~~l a,''C w ~ *I sudies are underway to test whether fluctuations in tonic LC activity cause or reflectDRAI%', ON% A t..S. IIA~%i 1% changes in attentiveness. Supported byAFOSR grant 90-0147.
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ACUTE MORPHINE DJECREASES DISCHARGE AND INDUCES ' IVTDPEETTO
PERIODIC BURSTING OF I.QCL'S COERULEUS NEURONS IN THEINIE PEETTO
WAKING; MONKEY'. I Ratkowski. It, Vmaka dind G. Aston-Jones. Div. Behav Z P0lTFR

)euot~o. Dept. Menta.i Health Sci.. llahnemann 1'n. hldlha A112 ______________
,he discharee activitv of six neurons tentatively identified as noradrenergic locus
.oeruleus (LC) units c>2 ms spike. low frequency. burst-pause response to salient Reauests tot groupinst
.Aumuli I was recorded before. and up to 4 hours al ter :.M. in~jccuons of morphine 1 2 it more than one poster presented
cells each bor I mng/ke. 3 mt/kg. or 10 me/kg) in a chair restrained Cynomolgus
monkey with fixed head. Throughout sessions the animal's eyes were open and he
visually explored the environment. occassionally shivered or scratched himself. but did
riot respond to most environmental surimuli. By I hr or more after morphine, the eyes
exhibited slow dnfts, and subsequent saccades. the pupil diameter oscillated widely, and
ther- were occasionally short periods or drowsiness.

LC activity pre-drug was charactensucally tonic and regular. with small amplitude
penodicitv iI0(4liz). fhree to 7 man alter morphine, each of the 61LC cells exhibited
clear penodic bursting acuvity which continued for the entire recording session. These _____ ____________

lareer hunsts also oc~curred with a period of I) 04 liz for each cell. and were highest in
.ninplitude 21) min after injection. Both interburst pauses and interspike intervals N:',i~nia authOr
increased with time alter aniecuion. and resulted in an overall. decrease of impulse --

heuit By 2 hr post morphine. LC-acuvitv rermained at a very low level even when %.ntin . ^io'j k !.11fly work with
-ufl'tif %unirt% -it '.,im~irini rlteild in tisgah nimal hid his ey~es fully opened. and bursts of unit discharge that accompanied .1r)%Ira~trnrit- ý v.in the tuicint

iwakening prcdru e were reduced to a t ew spikes. lime above etffctls were observed for urincioie% o 'iiiN.ntrimsental ,oceaures,
Al 6 cells, even with the lowest dose tested (I mg/kg). Supported by AFOSR grant ~b ~t
90-0 147 and PHtS grant DA 06214.
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I hmesno oinv,,DECREASED TONIC DISCHARGE ALND INDUCTION OF
.iil liie.PERIODIC BURSTING OF LOCUS COERUtLEUS tLC) NEURONS
.....- >;AFTER ACUTE MORPHINE IN WAKING MONKEYS L-Rakow,;k. H

. ' kaoka. C.J I KvelowSki. 11 and Q. Aston-joneS Div. Behav. Neurobiol.. Dept.
*~~~~~ M- ..- ~ ent~al Health Sci.. Hahnemann Univ. Philadelphia, PA 19102,

.. Substantial evidence Indicates that the LC may be an important site of acuon for

I' 0i-ltrnsi es ,ogenous opiates. However, rthc effects of opiates on thle ciectrical acuvity of LC
- S neurons in conscious animals remain controversial, and never nave been reponted in

____________ ~mt~ t~itr. - rimates. Here. the discharge activity of I1I neurons iOCate~d in the LC region and
ki t~i~ Iti ______ :etauvely idenullied as rioradrenerg,.c'cells (>2 ms spike. low frequency, t~u~rst-pause

".pii~ nimir:esponse to salient s~imull) was recoraed before. and up to 4 hours atter i~m.
_____________oit:____ niimwý:~ecuon s of morphine sulphate in a chair restrained CNynomoligus monkey 13 cells

'IW [hcmr ilt, earl: z-a .. o ch with 0.3 mg/kg, I mgtkg or 3 mg/kg. and 2 cells with 10 mg/kgj. After
6njecuon, the animal sat quietly appearing sedated with his eyes open. One-half to I

')cviny 011r, tour lollowiniz morphine adminisuatauon. the animal s eves exhibited episodic slow
,, . ~ .-: :use infts. thc pupil diameter oscillated widely, ana tnere vxere occasional short periods of

. iuwsiness.
-- lfl I~irli~r- _C acuvity prior Lo drug aurminisu'auoin was criaracterlstic~aii\ tonic and regular.

-:,ser analysis reveaed thai there were small oscitlatuons in wischarge rate occunng at
'I~c~idit<LlU1'~% - 'ri a irequencv at about 0.04 Hz. At 3 to 7 min alter morphine irnection. LC neurons

'flowedl pronounce~d perioodic bursting activity wnwh corininiled for the duration otf th
'ecordiniz session. Such bursung also occurred with a frequcncv of 0.04 -0,05 Hz. as
;c tecteci by autocorrelation of unit discharize. inj was most prflnounced about 0O
fnin alter in iecuon, lnterspike intervals increased wimf time alter inwicuon. resuiung
n, in overall decrcase or impulse activity. iBy 2 hrs toilowinv a hiqh dose o1
;iorphinc. LC neurons were nearly silent, even thou~h the animal s eves were fully

________________________ ,oen. Althouvn most pronounced'for higher dosecs of morphine, the .above effects
,~ere ooserved for all cells tcstc0d. Supported by AFOSR grant 90-0147 and PHS
grant DA 06214.

NI Nt
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Themes and Topics PHYSIOLOGICAL CORRELATES OF ADAPTIVE BEHAVIOR IN A VISUAL
DISCRIMINATION TASK IN MONKEYS. T.Alexinskyl G_ Aso-oehSee i'd, ot ihemes and topics. R~osi and R..Rea Div. Behav. Neurobiol.. Dept. Mental Health Sci,.

choicae bepociaw tor', programming Hahnemann Univ., Philadelphia, PA, USA, and 1 U. Ren6 Descartes and LPN2
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Is~tern tie: ýeurl BsisPrevious studies have implicated the rostral pontine nucleus locus
is? hem rie: eurl Bsis coewuleus (LC) In vigilance and adaptive sensory-behavioral responding. Here

of Behavior theme ketter: i we have examined this framework by recording neurons in the LC area of

isttopicntlteMofloamines and cynomolgus monkeys performing an "oddball" visual discrimination-vigilance
task. Monkeys were trained with colored lights serving as S+ or S-. Four

B ehav ioir -topic number: 122 bundles of 6 micro-wires (25-gm) were implanted bilaterally in the LC area for
recording neuronal impulse activity. Event-reilaed potentials (ERPs) were

2nd theme nue Neurorrans. recorded from skull screws. Stimulus duration, time to respond, interstlmulus
Modu'lators 7Te~uitTors interval, S+15- ratio, and session duration were systematically vaned to alter task

_____________theme letter: ~. diliculty and attentiveness. Monkeys were also subjected to reversal training.
2ndtoptcnue Cacecholamines Histologic reconstruction of all recording sites is not completed, but certain

classes of neurional responses in the rostral pons are apparent. Apart from cells
topic number: 5 8 that could not be driven by any aspect of the task (25%). many neurons were

classified as sensory (23%), motor (14%) or reward cells (20/6). However, a large
Special Requests re~.. projection population of cells in the LC area (36%/) exhibited activity that was specifically
requirementsi related to me~aningful stimuli (I.e., driven by S+ but not S+) These cells altered

their responsiveness to be activated by the new Si- during reversal training in
close correlation with behavioral performance. ERPs were also specifically
evoked by the Si-, whether overlearned or during stimulus reversal (correlation
between ERP amplitudes and behavioral performance during reversal a 0.89).
Thus, strong relationships exist among activity of certain cells in the LO area.

_______________________ cortical ERPs and adaptive behavior in a task requiring sustained attention.
These relationships are being examined in more detail by monitoring attention

Include nonrefundable AB3STRACT via eye position and autonomic activity via pupillary diameter in a more
HANDLING FEE of $25 payable to sophisticated discrimination task. Supported by AFOSR grant 90-0147, and
the Society for Neuroscience, ONR contract N00014-86-K-0493.
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Abstract In a reversal paradigm, a previously x.-einforced

target or S+, is no longer reinforced and undergoes
Deadline the process of extinction, wherein the former S-
1 March becomes the new S*. This task required detection and

____________ selective response to an infrecjuent. co�czed stimulus
Not for (10%) embedded in a sequence of nontarget Stimuli
oraipre- (90%). When the monkey (macaca fascicularis)I sentation depressed a lever, a randomized series of colored
(ti�khere): lights were presented. At the onset of the

infrequent target light, a rapid release of theENA EBBS lever ( in less than SOOrns) was rewarded by �u�ce.
Performance during the reversal process was studied.
We. examined the physiological correlates of thisD
behavior at a global level using averaged EEGTick one box activity triggered by s+ and S- and at neuronal
level, unit and multi-unit activity of cells located
in the rostral pontine area.

Results showed that:
- lrnonkeys were able to learn the siqnification of

�bbtract to be sent a new S+ after a few presentations.
to: - 2*5.,. was followed by an event rala�ed potential

(ER?) (latency :250rris +�-lS, amplitude 29.5 +/- 4.5
uV) The correlation between the amplitude of theN�Corigress-offce �RPs and the performance in the task was .89.

Mr P Wittebol
' Keizersgracht 782 - 3 cells located in the LO region showed also the

Ni 1017ECAmster�am specific response for the target. �urinq reversal,
K�NetherIands this response was shown to be reduced progressively

for the former S+ and conversely increased for the
new S+. These data show clearly that both at the
clobal EEG and at the cellular bra�nstem levels,
t.ere is a significant correlation between
p�yBiOlOgical measures and behavior attested by the
�Erforrnance in an attention task.[ homes and Topics
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Discharge of noradrenergic locus coeruleus neurons
in behaving rats and monkeys suggests a role in vigilance

G. Aston-Jones 1. C. Chiang ' and T. Alexinsky

D~i, fIli mon ue (# re .Vehin ~ hev I-1ipri,,,ient fq Mentald Iftwili Scieiuce%. I1(uhiremannUgtivUuerx,:i'. Urewl and Vine'.
Philadelphisa. P-1. U.S.A. atid LUni nerv Re,.. Iksctirwi. Deptirlpfi- dr, PivchrqAn-ViodfJew,

Latwhouruuw tie Pin-ioan/gie Ne'rveese 2 CNRS. (;tf..;-i-ir. eie. Cledex~. France'

Rectrdings, trm noradrenergic locus coerulcus 11.0 neurons solution into the nucleus pairagigantocellultris in the rostral
%if 1--having ragts and m.,nkevs rcsealedl that these icclls venirolaiteraI medulla. the major afferent to) LC. eliminated
dtl%:rti;Is toicl discliarge iliring slcc1 and ,lsmi ulisring ccr~iain rcsrIonsi-s iif 1V neutrons to %ciatitc nerve Ntintulaitiolt or Am*t

high arotsal behavior% lgrmoiminha and consumiption) when or tliil-pinclt. Thi-s indicates that certin tosesory informaition is

jiet l~ion (vigilance) wats low. Sensory stimuli o1 many modath. relayed tim LC through the L eitatoiv ammoni aitd (EAA) in put

tics, phaically activated LC neurons. Re~.ponse magnitude% from the s'enirolatterat medulla.
vari-.d with vigilance. similar to result,. for tonic activity. The The effect of prefrontal cortex (PFC) activation onl LC
most effective and reliahie stimuli 'For eliciting LC responses neuron% watS examined in ancestheiii~cd rats. Single pulse PFC
were those that disrupted hehavior and evoked orienting stimulation had no pronounced effect on LC neurons. consis-
responses. Similar results were umhseryed in hehaving monkeys tcnt with our findings that this area does not innervate the LC
except that more intense stimuli %%ere required for LC nucleus. Hlowever, train% (if PFC stimulation substantially
responps.s activated most LC neurons. Thus. projections from the PVC

Our mosre recent studies have examined LC activity in may activate LC indirectly or through distal dendrites, SUB.
monkey% performing an -oddball" visual discriminalion task. gesting a circuit whereby complex iitimuli-mtrNfM~TOfteCLC
%Monkeys were trained to release a lever after a target cue neurons.
light that occurred randomly on 101' of trial,;: aqt~nal%.had to The above results, in view of previous findings for
withhold recspondtng during non-targict cute'. L.C neurons postsyniipfic effects of norcpinephrine. are interpreted to
%electively responded to the target ctics during this task, reveal aI role: for the LV system in regulating attentional stote
During resersal training. LC neuron% lost iheir wresonse Io or vigilance. The roles of major input% to LC from the
the previous target cuec andI hepan respoinding tob the new ventrolaterail and dorrsonvedial medulla in %vmpatihctic control
target tight in parallel with hehasmoral rcvcrsa;l. Cortical and hehavioral orienting responses. respectively. are inte-
event-related potentials were elicited in this task selectively by grated into this view of the LC system. It is proposed that the
the same stimuli that evoked LC respunses. IC prowidc% the cognitive complement to sympathetic func-

Injection% of lidocaine. G'ABA. rt aI %ynaptic decoupling tion.

KeY wards: locus coeruleu%. vigilance, monkey, rat. behaving, cortex

Intmoduztlon many brain and behavioral phenomena as there
are investigators who study this strur-ture. These

The noradrenergic locus coeruleus (1-0 system neurons have been implicated in tdmna
has been proposed to be involved in almost as brain processes ranging from vegetat 'e activities



siuch as sleep and cerebral blood flow, to more information. This view may be useful to general
complex. cognitive phenomena such as selective nervous system models and neural network analy-
attention and memory (reviewed in Aston-Jones .es.
ter al.. 1984). Correspondingly. this systcm has The ultimate goal of this functional analysis is
been a favorite suspect'in the "' ho done it" of it) derive an alghrithm for LC function. so that
clinical etiology. being implicated in disorders given a certain input, one could predict a func-
ranging from anxiety and panic to dementia and tional outcome of LC system activation. We he-
schizophrenia. How can so few cells (estimated to lieve that the cellular physiological and anatomic
be 15,(MX) per hemisphere in humans) (Foote et properties of the LC system are key elements in
a/.. 1983) do so many things? While some may such an analysis.
think that investigators have wacd overly cnthu-
siastic in some claims about this enigmatic little Background
nucleus buried in the pontine brainstem. it is
possible that the LC system serves a fundamental. Efferent organization
general f~unction in brain activity and thereby is The LC system has been the subject of intense
involved in a number of brain and behavioral study for more than two decades. The.-inorcnin
processes. The thesis of this paper is that. indeed, this nucleus began in earnest when Swedish rc-
the LC provides a very general function. which is searchers (I)ahlstr~im and Fuxe. 1964: Ungcrst-
to regulatc attention to the broad range of envi- edt. 1971) discovered that these cells give rise to
ronmental stimuli and thc degree to which bchav- an enormously divergent set of efferent projcc-
ior is engaged by the ever-changing sensory sur- tions; it is noteworthy that this small nucleus
round. The hypothesis to be developed in this innervates more different brain areas than any
report is that the LC system functions to control other single nucleus yet described. This, and the
vigilance, defined as the surveillance of the envi- fact that these neurons apnearcd to use the then
ronment. or readiness to respond to unexpected recently discovered neurotransmitter norepineph-
environmental events. We will develop this model rine (NE) to communicate with their target cells.
using a host of cellular attributes of the LC generated great enthusiasm for understanding
.system, particularly anatomic, physiological and their possible function(s).
pharmacological properties of these neurons. We Although some investigators ha,'e argued that
will ex•tend this hypothesis by incorporating re- NE may he released from LC fiber% in a non-syn-
cent findings pertaining to the neural systems aptic manner. providinga hormone-like. paracrinc
that are affcrent to LC neurons, and by using influence on many neurons within a diffusion-
known functions of these major inputs to expand limited area (Beaudet and Dcscarries. 1978). more
our thinking about the LC's role in brain and recent studies have shown that LC terminals in
behavior. We will also describe recent res!lts of several brain structures make conventional
LC impulse activity in waking monkeys perform- synapse-like appositions with postsynaptic spe-
ing an "oddball" visual discrimination task de- cializations on target neurons (Koda et al.. 1978:
signed to manipulate and measure vigilance. Fi- Olschowka et al.. 1981: Papadopoulos et al.. 1989:
nally, we will define a very general perspective -Papadopoulos and Parnavclas. 1990). There is. in
from which to examine LC function, in which this fact. a great deal of both regional and laminar
system is viewed as a "random search generator" specificity in the innervation of target structures
whose activation serves to disrupt stable activity by LC axons (e.g.. Morrison et al.. 1982). Fin:,lly.
in neural loops and associated behaviors and although there have been reports of NE fiber
generate a search for a new activity that is more apposition to blood ves '•ls (Edvinsson eral., 1'73:
consistent with the most recently sampled sensory Hartman. 1973: Swanson et at.. 1977). morý re-
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cent studics in LC terminal areas do not find a other effects of NE have been described for vari-
;precrence for apposilion ol dopaminmc3.hydrox- ous target areas, such biasing of target cells to

lise I ibers on capillaries tOlkhowka er al.. 1981; respond preferentially to their strongest inputs is
1'apadopoulos et at., 1989, Papadopoulos and most significant for the present analysis.
Parnavelas, 1990). While suc"h findings cannot
rule out a possible involvement of LC projections LC discharge in unanesthetized rats and
in blood flow and metabolism in target arcas. monkeys
they indicate that this system is most prominently
,tructurqd to provide conventional synaptic input Before considering data concerning when LC
to brain neurons. neurons arc active in behaving animaluit-is.perti-

nent to point out some important technical is-
PostsYnaptic effects sues. Our recordings of LC discharge have uti-

Using microiontophoresis. early studies (Hoffer lized species (rat and monkey) whose LC is com-
et at.. 1973; Segal and Bloom, 1974) found that posed entirely of noadrenergic neurons. Thus. in
NE inhibited basal discharge of cercbellar or these species one can record from known NE-
hippocampal neurons in anesthetized rats, cfccts containing LC neurons by using simple histologi-
which appeared to be mediated by /J-adrenergic cal verification of recording sites. This is an im.
receptor activation of a cyclic AMP second mes- portant consideration, since the wide interest in
senger system (Siggins er al., 1971; Foote et a., LC stems from its noradrencrgic cell population.
1983). However, subsequent expcrimcnts by Similar experiments in other species (e.g.. cat) in
Foote, Segal and colleagues (Foote et a!.. 1975: which the nucleus LC is composed of interdigi-
Segal and Bloom. 1976) found that, in addition to tatcd NE and non-NE neurons could only posi-
decreasing basal discharge, NE may also enhance tively ascribe discharge to NE-containing neurons
the selectivity of target cell discharge, so that in if intracellular staining and double-laheling is car-
the presence of this neurotransmitter neurons ried out. a procedure not reported for any such
respond with increased preference to their most study to date.
strongly determined inputs. In these and studies
by others that extended these findings (sec contri- Spontaneous LC discharge and the sleep-waking
butions by Waterhouse et al.. and by Woodward cycle
er al., this volume). NE acting at presumed ,3 One predominant hypothesis of LC function is
recptors decreased spontaneous impulse activity that these neurons control various stages of the
to a greater extent than activity evoked hy affcr- sleep-waking cycle (Jouvet, 1969: Hobson et al..
en! nr seniory stimulation. This effect has re- 1975: McCarley and Hobson. 1975). We found
ccntly been described for motor-related activity that spontaneous LC discharge covaries consis-
in primate cortex as well (Sawaguchi et a!.. 1990). tently with stages of the slecp-waking cycle, firing
indicating that it is not limited to sensory areas. It fastest during waking, more slowly during slow-
is noteworthy that in many cases NE has been wave sleep, and becoming virtmally silent during
found to augment evoked activity (either excita- paradoxical sleep (PS) (Aston-Joncs and Bloom,
tory or inhibitory) while decreasing spontaneous 1981a). In rat. the nearly total lack of activity in
discharge of the same neurorn-tWatcrhouse and this nffIrT'during PS is evident not only from
Woodward, 1980: Waterhouse et al.. 1980. 1984). the consistent quiescence of single neurons, but
Such selective enhancement of responses to strong especially when several neurons in the densely
inputs relative to low-level or basal activity has packed noradrenergic cell group are recorded
bcan lii~ened to an increase in the "signal-to- simultaneously. In sucei cases, the entire popula-
noise" ratio of target neurons by NE. Although tion typically become,. silent, with a prominent
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decrease in "background noise" as well. These r 50:

observations, the first of their kind for known _ 0- .4 30E I

NE-contamning neurons. support previous propos- W . " o,

,tki that a similar subpopulation otf unidentified 3 3, 02 6 I,,,
cat LC neurons may be noradrenergic (lHobson et 20- SEC trom EM tronsoo • .

a/.. 1975, Rasmussen et a/., 1986). However, other PS -' W

activity profiles of purported noradrcnergic neu- 1 '0- I

rons have been reported in cat LC (Chu and . I J 1 ..-. : L j
0 4. 80 0 40 so0 40 8o .

Bloom, 1973, 1974). 4I. sto--.. I ,
We also recorded spontaneously occurring field W SWs PS W

potentials from rat LC during sleep and waking. Fig. I. Locus coeruleus (LC) discharge rate during sleep-wak.

These slow potentials are synchronous with bursts ing cycle (SWC) progression. Mean discharge rates for LC
neurons in hehaving rats during epochs normalized for the

of unit activity during waking and slow-wave sleep. percentage of SWC stage completion are plotted conseco-

but occur at their highest rates during PS in the iivelv for complete SW[s. Notic that when p;aradoxical %ieep

absence ol unit activity (Aston-Jones and Bloom. (PS).ti-io.iking tranitions are judged by the EEG (main plot).
1elhlular activity does not anticipate the transition, and that LC

19,81a). These observations indicate that the a- cannot he the primary agent terminating PS. However. di%.

,,ence (it LC discharge during PS is due to active charge is enhanced in anlicipation of these same transitions
inhibition of these neurons, not simply disfacilita- scored by EMG criteria (inset). tFrom Aton.Jones and Bloom.

tion. This is consistent with results demonstrating .

that LC cells in brain slices are auto-activc, in the

absence of synaptic inputs (Aghajanian et al.. rons in unanesthctized, chair-restrained primates

1983: Williams et al., 1984). (Foote 'et al., 1980; Aston-Jones et aL, 1988:

Further analysis revealed that LC impulse ac- Grant et aL. 1988). Although these animals do

tivity also changes within stages of the sleep-wak- not exhibit normal sleep and waking under our

ing cycle; in anticipation of the subsequent stage experimental conditions. we have observed LC

(Fig. 1). Thus. during waking. LC neurons pro- activity during alertness and drowsiness as mca-

gresstvcly decrease in activity a,, slow-wave sleep sured by EEG. As dcscribed above for rat LC.

approaches, and likewise during slow-wave sleep monkey LC neurons vary their activity closely

before the onset of PS (Hobson et al., 1975. with the-•ais of arousal. even during unambigu-

Aston-Jones and Bloom, 1981a). If wpking rather ous waking. Thus, periods of drowsiness are ac-

than PS follows slow-wave sleep. LC neurons companied by decreased LC %ischarge, while

abruptly emit phasically robust activity 1110-50() alertness is consistentlv associated with elevated

msec prior to waking. As indicated in Figure I. LC activity. Also as in rat. such changes in LC

the one exception to such stage-anticipation in activity preceded thc corrcsponding-,hnnges-ri

LC discharge occurs for the PS-to-waking transi- EEG state by a few hundred msec. PS has not

tion. Rat LC neurons return to waking activity been observed in our chair-restrained monkeys.

either coincident with or slightly after the cessa-

tion of PS as measured by the EEG (thcta activ- Spontaneous LC discharge and waking behatior

ity). Thus, although anticipatory LC activity dur- We further observed that LC discharge is al-

ing most stage transitions is consistent with a role tered during certain spontaneous waking behav-

in generating the subsequent stage, this nucleus iors. During both grooming and consumvtion of a

cannot be responsible for the termination of PS glucose solution, rat LC discharge decreases com-

(Aston-Jones and Bloom. 1981a; Aston-Jones et pared to that in other epochs of similar EEG

al,. 1984; however. see also Hobson et al., 1975). arousal (Aston-Jones and Bloom, 1981a). Similar

We have also monitored discharge of LC neu- results were obtained for LC activity it behaving

-
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primates (Grant el al.. 1988). These results mdi- were important differences as well. In rat, any of
Cate that LC discharge is reduced not only for a variety of intense stimuli evoked LC responses
periods of low arousal (drowsiness or sleep), but in a majority of sensory trials. In contrast, mon-
also during certain behaviors (grooming and con- key LC was less strongly influenced by such stim-
,umptton) when animals are in an active waking, uli, with responses fading after the first few trials.
hL1ut inattentive (nonvigilant) state (see below). However, more complex stimuli, such as a new

LC discharge also varies strongly with orient- face or a meaningful but unexpected stimulus
ing behavior. In both rat (Aston-Joncs and Bloom, (scc below), was consistently capablc of cliciting
19Ila,b) and monkey (Footc et aL. 1980: Aston- LC responses in monkey (Aston-Joncs et al., 1988;
Joncs et ed. 19,8);: Grant ce al.. 1981). the highest Grant•t ail., l)9X).
discharge rates we observed for LC neurons were More generally, we found that stimuli effective
consistcntly associated with spontaneous or in eliciting LC responses skere also those that
eoked behavioral orienting responses. LC dis- disruptcd ongoing behavior and elicited a bchav-
charge associated with orienting behavior is pha- ioral orienting response by the monkey. It ap-
sically most intense when automatic, tonic behav- pears, then. that the difference in stimulusre-
iors (sleep, grooming, or consumption) are sud- sponsivencss in rat vs. monkey LC is closely re-
denly disrupted and the animal orients toward latcd to the difference in behavioral responses
the external environment (Aston-Jones and evoked by stimuli in the two species. Compared
Bloom. 98la,b). Thus, as found following sleep, to rats, monkeys require much more complex
grooming, or consumption, there is close corre- stimuli to interrupt behavior and evoke an orient-
spondence between spontaneous- bursts of dis- ing resp9gn their LC responsiveness follows the
charge and interruption of automatic. prepro- same pattern.
grammed behaviors with an increase in attentive- We quantified this linkage bh0,wecn behavioral
ness and vigilance (see below), disruption/orientation and LC sensory responses

for rat LC neurons (Aston-Jones and Bloom,
LC sensory responsiveness 1981b). As illustrated in Figure 2c.._the-latgnt

In addition to the above fluctuations in LC responses were elicited by stimuli that caused an
spontaneous discharge. we found that these neu- abrupt transition from sleep to waking. with asso-
rons in unanesthctized rats and monkeys were ciatcd behavioral orientation. Responses evoked
responsive to non-noxious environmental stimuli during uninterrupted slow-wave sleep were much
(Fig. 2a,b: Foote er al., 1980; Aston-Joncs and smaller in magnitude, whercas no response oc-
Bloom. 1981b). In waking rats, LC activity is currcd during uninterrupted PS. In addition to
markedly phasic. yielding short-latency (15-50 these results for sleep, we found that response
msec) responses to simple stimuli in every modal- magnitudes during uninterrupted grooming or
ity tested (auditory, visual, somatosensory, and consumption of sweet water were reduced,
olfactory). Responses were most consistently whereas stimuli that disrupted such activity and
evoked by intense, conspicuous stimuli, though generated orienting behavior elicited strong re-
sporadic responses were also obscrved for non- sponscs. Thus, there was a strong correspondence
conspicuous stimuli as well. These responses were in rat, as in monkey, between ser,sory-evoked
similar for the different sensory modalities, and responsivencss in behavior and LC di;,chargc, and
consisted of a brief excitation followed by dimin- a common factor for stimulus-resporisivity in the
ished activity lasting a few htndred mscc (Fig. two species is behavioral disruption and rc-orien-
2a.b). . tation. In sum, in both rat and monkey, stimuli

While sensory rcsponsivcncss was qualitatively that disrupt behavior and coke an orienting re-
similar for LC neurons in rat and monkey, there sponse evoke LC response.



Habituation of LC responsiveness independent
of habituation of behavioral state did not occur:
responsc magnitudes for stimuli after 100 or more

presentations were similar to those for initial
stimuli when analyzed for similar bchavioral states

.d: oricnting responses.

LC neurons in monkeys respond to meaningful
.stimuli during an "oddball" discrimination/
cigilance task

60o0 The above results suggested that the essential

property of stimuli to elicit LC responses was
W0So. meaningfulness, so that intense stimuli elicited
C1 ! responses because their intensity made them

meaningful but that non-intense, meaningful
0o stimuli may also reliably elicit responses of LC

cells. To explicitly test this possibility, we have
o 0, , A- A- 3 -1 A"" recently begun recording LC activity in unanes-

T-9 (sec thctizcd primates trained in an "oddball" visual
b

Fig. 2. Sensory reponses of LC neurons are multimodal and

z state.detcrmined. Panel a. Tone pip-evoked response of LC
S1200. impulse activity in a hehaving rat. Upper part is the oscillo.

scope recording of impulse activity, middle part is a raster
display of activity for tone pip trials ordered consecutively

r 600, rfrom top to hotiom. and lower part is a cumulative post.
0 stimulus time histogram (PSTI) accumulated for 50 tone pip

trials (tone pips. t0 mhec duration, presented at arrow for all
000' 1 11111 parts of panel). Note phasic activation followed by pomtactivai.

000 056 •3. 0' 2 1) 3 .1 4.10 lion inhibition (the latter is due to feedback mechanism-,
",sec within LC) (Aghajanian. 1978: Aghajanian er al.. 1977: Ennis

and Aston-Jones. 1986). Panel h. PSTTI of LC activity evokedby touching the tail of a behaving rat (touch to rostral tail.

ISor approximately as indicated at arrow). Note similarity of this
"response to that evoked by tone pips in panel a. Twenty-five
trials accumulated in the PSTH. Panel c. Bar graph illustrat-

"C ing mean tone pip-evoked response magnitudes for rat LC
neurons as a function of behavioral state. Note that responses"' ~ iare greatest for tones that awaken the animal (SWS/W
trials), while tones presented during uninterrupted sleep

t SWS /SWS trials) elicit suhstantially reduced responses: tones
* .'given during waking (W/W trials) elicit an intermediate re-

. 0 S sponsc magnitude. Similarly. ,timuli that interrupted groom.
ing or consumption behaviors elicited large response in LC

* 'activity, and responses were reduced for similar stimuli thatI. odid not interrupt these behaviors. Response magnitude for
-" ASWS/W trials > W/W trial%, P '.> AIM05: W/W magnitude

oo i ---" SWS /SWVS magnitude. "P < MI.S: SWS/W magnt.Al S wS• w w W SwS Sw$,f Sw5 iN: 1w4s•b) (N :1 tude > magnitude for ill trials combined > SWS/SWS magni.

Coo,.eeO tude. P < 0.0005 for each: paired t tests were used. (From
((4: S) ,Aston-Jones and Bloom. 1981h.)
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d Recordings during reversal troning revealed

I 1 46 1that these responses were specifically related to
thc meaningfulness of thc -stimuli, not to their
physical attributes. As illustrated in Figure 4.
after reversal training neurons in the LC region

b reversed their stimulus preference, so that re-
sponses were selectively elicited for the new S +

-I U111 (previous S - ) while responses for the old S +.
Unit (ne w S - ) fadcd. A second period of reversal

training rapidly re-establishied the original stimu-
lus selectivity of primate LC neurons. Interest-
ingly, these changes varied closely with behavioral

C performance, so that responses to the new S +
increased (ad responscs to the new S -

~ kinuii~uia~hiui decreased) ac the percentage of correct hchav-
* ioral responses to the new S + increased (and

1-ig 3. 1STII displays for cell in the LC area of ai behaving hehavioral responses to the new S -- decreased).
;n~inkey. illustrating selective response to ired) target slimu- In addition. cortical activity exhilbited a similar
W% Panels i-c. A response is evoked hy the red iarget stimuli %ct of properties. As shown in Figure S. AERPs
ip.inet .11 hut not hy correct lever release .iancl hit or juice
presentation (pinel 0i. Increased activity preceding lever and recorded from the frontal and parietal cortices at
Ituice in panels h and c correspond to stimulus presentation. latencies of 200-3M) msec post-stimulation were
Panels d and c. rhere is no respoinse to the green non-target selectively augmented by S + cues. as reported by
light (pine) d) or to incorrect lesecr rcle~tc to the green
'Iimutu% (panel 0). Panel f. There is no response ito low-minen-
sitv tone-pip presentation Iseet text). All stimuli and lever
releases (b) occur at the arrows. Time calibration - I %cc. Green Yellow

a b

discrimination task (Aston-Jones et a/. 1988; I
Alexinsky and Aston-Jones. 1990: Alexinskv et I A
wl., 199o). Trhe task involves. discrirni'at ing differ- REVERSAL

ently colored light cues for juice reward. A target C d
stimulus (6 + ) is presented on 10%- of trials.,
intermixed in a semi-random fashion- with non- + .
target lights of a different color (S - ). Neurons
in the LC area were recorded along with corticalL

suraces~s waes aveage evnt-elaed o- Fig. 4I. A reversal procedure in the "oddhal 7 dis:rimination
tentials. AERPs) and behavioral rLsponses (hits, task reveal% re-sponses (if a putatively noradrenergic neuron in
mnisses. false alarms, and correct omissions). While the LC of a behaving monkey %pceiliv- to mcanin(Jul %tirmuli.

some cells in the LC area showed responses that la,hi PSTI Is gor response tit a neuroin to green (target). hut
not to ycellowfnon-iarý,e0. %timuli. lc.di Similar PSTIls for the

were purely sensory or motor in nature, most same LC neuron but ,idter reversal training. wo that target
neurons exh~ibited activity specifically linked to stimuli are now yellow, and non-target stimuli are green. Note
the !:irgct sti'niulus. That is. responses, for most thait green sttmuli (c) no longer clicit responses. sshilrt~t~w---

cellwerecv:)cd slectvelyby S+ stmulibut ttmtilt (d) rum~ elicit 1a. small restionw. Thus, the respionse is
cellwer eyed slecivey b S +stiulihut selectively elicited Ity meantngful stimuli. Stimuli at dotted

not -stimi. ýi bar release or reward (Fig. 3). lines in all panels: har - I see.



P1 0234 5 01 0203 04 05 contribution hy Foote et (it (this volume). Fur-
PCWCent Correct ~ ther studies are underway to better define - he

'~ 'h~ MAn.*'"~ rolc o f the LC system in such adaptive behavioral
'V UA". Capacity.

8 Afferent circuits responsible for discharge
proprtie of LC neurons

We have recently descrihced the major affcrents
GY .r to the LC in rodent (Aston-Jones et al., 1986.

Fig. 3. Averaged event-related poienitals (AERNs .511 trials) 1 990); we dctail these results elsewhere in this
for a1 monkcv Periorniing the Odut.thaII discriminatiton IlI~k. vlm AtnJnsc i..I remjrafr
1CC~rded from frontorarictal ci ctrotdcs. A.11R it dleli wcrc oue(se-oe ta..I remjrafr
taken when the target was itreen wo * and the non-target ww ents are found in two rostral medullary nuclei.
ý.eiivw (Y - ). ihose tin the right were laken for the orposite the paragigantocellularis (PGi) in the ventrolat-
stiMUILIs nicanings. us indicated, Note that for both vellow and eral rostral medulla, and the area of the preposi-
green stimuli, AERP% %kerc larger when the %timulus was a
target compared it) it% use a% nonn-argct tus hypoglossi (PrH) in the dorsomedlial rostra1

medulla. Our stimulation and pharmacological'
analyses have revealed that the PiGi predomi.

others tn both human (Hansen and Hillyard. 1984: nantly excites LC cells via an excitatory amint:
Hillvard. 1985; Hillyard and Picton. 1979. Ruchkin acid projection, though inhibitory adrenergic pro-
el al_. 1980)) and non-human primates tsee Foote jections exist as well. Conversely. thc PrH po-
el (ii., this volume); there is evidence that these tently and purely inhibits the LC by way of GABtA
potentials are similar to "P300" potentials in man projections.
tPineda ei al.. 1987. 1988). During reversal train- As a major excitatory input to LC, the PGi is iý
ing, the AERPs altered their selectivity in a man- natural candidate for relaying the multimodw,
ner similar to neurons in the LC area, to become scrnsory-evoked activation of LC neurons de-
selectively responsive to the new S *.and no scrihed above. This possibility is supported by th1:
longer respond to the previous S -, (new S - : parallel pharmacological sensitivity of LC re
Fig. 5). As with the neurons. these changes in sponses evoked by PGi or by footpad (or sciatic
cortical-evoked ac!ivity followed a time course nerve) stimulation. Broad spectrum EAA antago-
that closely paralleled behavioral discrimination nists simultaneously attenuate both PGi- and sci-
performance during reversal, --- atic-evoked-responses. while antagonists oi

Therefore, there is a close relationship among NMnA or cholinergic receptors have no effect on
neurons in the LC area, cortical activty, and either response (Ennis and Aston-Jones, 1988).
behavioral discrimination during a task requiring These results have now been replicated by severai
sustained* attention to sensory cues (Alexinsky groups (Chen and Engbcrg, 1989: Rasmussen and
and Aston-Jones, 1990: Alexinsky et ali.. 1990). Aghajanian. 1989a: Svensson et at, 1989-,T'uA-"e
These results are consistent with the hypothesis al.. 1989). To test the hypothesis that sciatic-
that LC neurons function to promote attentive- evoked activation of LC is medliated through PiGi.
ness and adaptive behavioral responding to we (Chiang and Aston-Jones, 1989) recorded LC
changing stimuli (Aston-Jones, 1985). These re- neurons while stimulating the contralateral foot.
sults also support the proposal that LC neurons pad subcutaneously to activate the sciatic nerve,
may be responsible in part for the attention-re- and slowly infused lidlocaine (100-400 nI) into the
Waed AERPs recorded in this paradigm. Addi- PGi region. Such lidocainc infusions consistently
tional evidence for this possibility is found in the blocked responses of LC neurons to sciatic nerve



-n~tcI ýennoteworthy that electrolytic lesions of the PGi
arca by others have failed to block sciatic-evoked
activation of the LC (Rasmussen and Aghajanian.
1989a). This result may reflect topographic speci-
ficity within the PGi for LC-projecting neurons

IILA 0 .J3  that mediate responses to sciatic stimulation. In-
& eeo'0' deed. infusions of lidocaine. GABA or the

Cd'-/Mn' * olution were all most effective
when injected into the vcntromcdial retrofacial

30 Set: Doest..ect PGi area (Chiang and Aston-Jones. 1989). There-
tore, clectrolytic lesions of the PGi that spared
this ventral. juxtaolivary region may fail to attenu-

, ~-ate this sensory response of L.C neurons.
Further experiments are underway to test the

Lia hypothesis that other modalities of sensory re-
& beO

~ ~ sponses in LC are also mediated by EAA inputs
- from the PGi. Indeed. experiments by other-,

J have found that the EAA pathway from PGi to
.,LC med~iates the L-C response to systemic nico-

line administration (Chen and Engberg, 1989:
Engberg. 1989). while we (Akaoka et a!. 1990.
1991) and others (Rasmussen and A'?hajanian.

680 -4tbit aA'$A"11989h) have found that hyperactivity of LC cells
0 t60 '360 2:40 during opiate withdrawal is also mediated by this

[i t. oci mmin u i ,ici iiptrdz .ntcI mcdu llar> alIIcrc nt.
Ian% 1 fluatienue wcn~or rc~phlnwc ti n L.C neuron.

L'ilvr rmine. vsrtI taIken ' mm 1Woore mac.ri'inection. Note Effects of escitatory amino acid antagonists on
:NptcaiI c%~ltiion elicited t'% omulaio.hin of i3e rvar 4itiitriji morphine withdrawal behaviors

tion inhibition. % hich itpicallh ollowV711 LC neulrtinal~ excita-

lion Middle riancl. PSTiI of itii- nettron 30 cc after l~it~vne It has long been known that LC neurons are
4 2_5 ni. 2¼ %o~uniun) wa microintuscd into KitG. Note aholil' hyperactive during morphine withdrawal (Korf et
Ion it, cNpn,%e to3 hiitlpad %tiilhiiltilf. Lerpanol. PST" 1. 94Iihjna n Wn.1,7.I 93i

ol thi% LC neurtin 10 min alter miuroimntu~ioiif Note partial .. 17:AhjnnadWn.19).I183i
riecoveir' iii re%pimn%c it) ititopad stimuilatioin. Stimulation lor was found that this hyperactivity does not occur
,ill PST11% - 2 niA. 01.5 ms ptuI~e%. tirewcnied at 0.5 iiU. Each in a slice preparation of LC neuron%,Mdft&le
PST11 I% a cmmI!ectton iii 5o1 %timuli Similartitenluation of (A.. 198.1). This indicated that withdraw~al hyper-
%oLi.ic-coeik [.C .ictwivi %4a, obiatincl %ith microintectionS
of GAiSA or a Mn/CU *%ýnaptic decoupling" %olutmfln into activity of' LC neurons was nvt a consequence of
P0i. (Ftom Chiang and A%ion-Jones. 11489.) altered opiate mechanisms m ithin the LC, but

instead may retlect a change in afferent control
activation (Fig. 6). Similar infusions of GABA. or of the. LC. Our recent studies revealing major
of a synaiptic decoupling solution. I0) mM Cd'* afferents to thie LC from the PGi and PrH sug-
plus 2(0 mM Mg * '(to antagonize Ca * effects gested that one of these inputs may generate
and prevent transmitter release). produced simi- opiate withdrawal hyperactivity in the LC
lar attenuation of footpad responses in LC neu- (Aston-lones ci al., 1990). Indeed. Rasmussen
rons. These results indicate that PIM foirms a and Aghajinian (1989b) have found that lesions
critical %ynaptic link in this sensory response:ý It is of the P'Gi. or ant~l..onism of the amino acidI



pathway from the PGi to the L.C. blocked thc phine. Rats wcric prictreaicd continuously for 6
morphine withdrawal-induced activation c.. the days with morphine delivered from chronically
LC. We (Akaoka et al.. 1990. 1991) and others implanted osmotic minipumps (Alza Corp.. 34
Irung er al.. 19903) have confirmed their results mg/kg/day). Animals were then given an EAA

As LC may play a role in certain opiate with- antagonist or vehicle and subsequently adminis-
drawal symptoms. these results indicated that terced nailtrcxonc (I mg/kg. ip) to precipitate
EAA antagonists may he effective in attenuating withdrawal. Several behavioral indices of opiate
the opiate withdrawal syndrome. With this possi. withdrawal wcrc scored, including jumping. wect
hility in mind. we studied the effects of secvral dog shakes. head shakes, teeth chattering, chew-
EAA antagonists during withdrawal from mor- ing, diarrhea, rhinorrhea, lacrimation, ptosis, and
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Jum~ps wet shakes H-ead Shakes jumnp% Wet Shakes Headi Shakes
Fill. 7Efcso A naottionnaltrexone-prectriiatied morphine wiihdrawal behavior%. Rat% in 2 for each drug tested)
were adrritniered morphine continuously over hi days via osmotiolc minipitimP implanted ,uhcutancouslv. Alt drugs were adminis.
icred ic% 5 mini before nailirclaine iniectiin 111.0) mg/kg. ipY. The broad %pcctrum EZAA aintagonist kyntirenate (I I mmol 1o produce
aiwtu 32 mM in CSF). fi~cy noi.7.n itri xjloi noilline .2.3-ditnc ICNQXII 13.5 nmo ito produce abhout Ili mM in CSF). the specific
N!VDA aintagonist 2.aimlno.5.phtiiophoinopcniaindiet tAP5) (2(1 nmol it) produce abolut 57 mM in CSF). and the more potent
NNMDA antagonris CGSl9744 (1 2 nmoi io product: about 3.5 mM in CSF). a% indicatied. ail showedt the ahiblyt to increase escape
behavior :ind wet Ohakt:% ,ibose control tesels. but did not affeci oither withdrawatl signs such as head shakes. toral behavior.
Lhiirrheji. rhinorrtlieci lierimation. plosis. aind piiocecction. Higher diwes ol eaich drug usually prioduced aitaxia. C)erall. none oii
these aniaponmis were ettective in reducing signs olf hehavioral withdrawal. Approximate concentrations in CSF were calculated
us;ing a value of 350 ml for OSF volurre. (Ftom Ennis and Aston-Jones. 1989.)



piloerection. Results for some of these measures teristics do not lit easily into this framework. In
are summarized in Figure 7. Naltrexone alone, or particular. it is difficult to understand how inputs
with the vehicle control instead of an EAA antag- from onl\ tvwo medullary structures could he re-
onist, consistently elicited robust ,wthdrawal in ,ponsibic for the ,eleCtisc rcsponiscnss of pri-
all of the behavioral measures. Howcver. none ot mate L(- neurons to mcaningflul stimulh during
the EAA antagonists tested by intraccrebrovcn- discrimination bcha•ior tdccrilbcd .ibove). Such
tricular (icy) (kynurenate, 2-amino-5-phos- complex behavior is generally associated with cor-
ophonopentanoate (AP5). 6-cyano-7-nitroquinox- tical structures, yet there were no cortical inputs
aline-2.3-dione (CNQX), or CGS19755 (Lehmann to LC in our tract-tracing analysis.
et al.. 1988)) or intraperitoneal administration The prefrontal cortex (PFC) has been linked
tCGS19755) had consistent effects on most of the previously withI high lcvlc cognitic and atten-
v.ithdrawal signs. The only signs that were at- tional processes. Others (Arnstcn and Goldman.
fected in these studies were jumping and wet dog 1984) have reported projections to the LC area of
shakes, both of which appeared to be increased primates trom the PFC. Although there were no
by each of the EAA antagonists given ic, tFig. 7); retrogradely labeled cells in cortex following in-
further studies are needed to confirm these early jections of tracers into LC, we examined descend-
results- ing projections of the PFC in rait using antero-

Overall. these results clearly indicate that EAA grade transport ot WGA-HRP from the medial
antagonists of either the NMDA or non-NMDA PFC (Chiang et al., 1987). Such injections yielded
receptor do not prevent naltrcxonc-precipitated remarkably specific innervation patterns in the
withdrawal from morphine. Thus, central EAA dorsal pons. with dense innervation of the central
neurotransmitters may not be importantly in- grey rostral and medial to LC but no fibers or
,olved in these withdrawal signs. Also. LC hvper- terminals within central LC proper. As described
activity during this state is attenua1tCd by kvnure- in Asfon-.honc, v/ al (this, ,()lumc i. this region is
nate (Rasmussen and Aghaianian. 19S81bK Akaoka densely innervated by extranuclear dendrites o1
ei aL., 1990: Tung el at.. 19190) or CNQX (Akaoka LC neurons. Fhese results contirmed those re-
.ind Aton-Joncs. 1991); this indicates that at ported for monkey (Arnsecn and Goldman. 1984).
least these components of the morphine with- and indicated that PFC could influence LC ncu-
drawal syndrome are not dependent on LC hy- rons via innervation of distal extranuclear den-
peractivity. This is consistent with observations drites, or less directly by inner'xation of neurons
IBritton e al., 1984) that lesions of the ascending in the pcricocrulear rcgion that. in turn. may
NE projections from LC do not attenuate such innervate LC or its extranucicar dendrites (see
behavioral signs of opiate withdraw,%al. Although Aston-Jones et al.. this volume).
LC may not mediate these behavioral manifesta- To examine the effect of PFC activity on LC
tions of opiate withdrawal, its hyperactivity may neurons, we (Chiang et al., 1987) stimulated the
he important for other withdrawal phenomena. medial PFC while recording single LC neurons in
Additional studies are needed to determine what anesthetized rats. The most consistent response
S)mponents of opiate withdrawal are induced by, of LC neurons following cortical stimulation was
or are dependent up.,;n. the hyperactivity seen in antidromic activation (9 of 27 cells), as expected.
LC neurons. In subsequent subjects. 0-hvdroxydopamine was

Effects of prefrontal cortex stimulation on LC Inused into the midbrain dorsal noradrenergie

activity bundle I wcck prior to experiments to lesion
ascending LC pro~jcctions and eliminate this con-

While these results seem adequate to explain founding effect. As illustrated in Figure 8a. low-
certain properties of LC neurons, other charac- frequency stimulation of PFC in such animals
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20
fl Figure 8b shows that similar stimulation of' PFC

i 3 potently activated cells in the laterodlorsal
tcamental nuICleus. in the s.ame area that Aa%

f ~heavis tLibeled h\. Anteroeriide transport ot
WGA-H RI (described ahoxe) This indicated that

~ the PI-C wýas pretcrenitallk influencing neurons in
0 j c 360 .0pericoerulear areas that are densely innervated

"T ,%with PFC fibers and terminals, and only weakly
40 (perhaps indirectly) Influencing LC neurons.

z Consistent with this possibility, in additional
experiments we found that train stimulation of

a the PFC activated LC cells much more potently

than single-pulse stimulation (Fig. 80). In addi-
tion. we found that infusions of the local anes-
thetic. lidlocainc. into the PGi partially attenuated

-P Svcthe influence of PFC stimulation on'LC (Chiang
et al.. 1987). These results. suggest that cognitive

z act ivi ty at least partially. accesses the LC indi-
'~'~ rectly through the PGi: additional influence ma\

also arise through possible connections onto dis-
tal dendrites or local "interneurons" in the pert-
coerulear region.

81 6kmisaw."These results, together %sith those indicating
4 '360 l -.

'-eAýSvc) that 11(i mediates at least some senisorV Te-

Fig 8 Train. but noi loA-irciaucncv, \limuiaiion. tit Prefrontal sponscs of LC cells, indicate that brainstemn con-
c:ortcx poiently activaies LC neurons. PSTfIs illustratiing re- ncctions play an extrcmelý important and broad
sPonses oi LC ( and 0i and iaieral dorsal tegmenial rneuron% integratixe role In regulating the outflow of the
(h)in1 siimuia~ion ii prctroniai conies (PFCs) in rais. Panel a.
PSTH I howing response ot in I C necuron Wo FFC\ (iMnUlaioiin LC broadcast ,%,item. In addition. the cellular
af ii5 siimultpr 15C 1)i n.Al T'enl\-thrcc of ý;S celi% exhibiied characteristics of these MajOT alferents (sum-
weak exciiation ai reli~iislv ionl iaicnciex ime.in onsei - 41 marized below) shed additional light on LC func-
rr05cc). tIn widii,on. 49 5 l k "cre \%cANi mniorirct di long
'mniiefl oiC5Iean ost =0i r mci not h,,4n iw ni -unioiir per. tion, .a nd how' adaptive behax ioraI responses to a

,cnli (it LC neurons. csnihiied no resnonse to [,('xC slimula- changing sensory environment are generated.
tion. Panel h. i'SM t i~ji2n milar stimnulation bui recording
Irorm a celi in the laieral dorsal tegmenial flu cus )LDT) A view of LC function based on cellular

nArere .innenigride libel is seen front PFs inicction. Noie
!he more runhusi. shorter 1,iicnoes cciitaiirv respiin'c P;,net c. attributes: the v igilance response initiation
Train %timuiaimnn (if PFC\ i11 rUi'c% -41 2011/ i ii I nti.iniv hypothesis
produced signiiicant io' Iiaoo ii(it 1,(' Oiurons t , h4 cells.
mean ilnsci 1 mxcc. rilcai diir.wi on = 2nixec likcn
tnleciher. thewc 61a irc ciinxlictnt Niih :in indfirect or dxi'i' AS out~lined At the begin ni ng of this article, a
ulendritic influence (if PFCs( on LC nicurtnns Stimulation di cellular anatomic and ph,.,iological understand-
arrows in all PST11%. Soi ,weep% in paincls. andu h. and 25 ing of the LC system require-, knowledge of MI
sweeps in panel C. the el lercnt projections ol LC neurons. (2) the

clfects of NE released from LC terminals on
yielded only %keak effects on 23/'58 .C neurons, target neuron activity. ( 1) (the conditions under
aind no significant effect on the remaining cells, which LC' neurons. are actixe and releasing their
In contrast to this weak influence on LC neurons, transmitter, and (4) the thiciurs controlling LC
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discharge. When viewed together, thcse cellular that they max provide these to c,,c,, oft inputs:
properties have broad functional implications,. howcvcr. further ýo•rk i,, nccdcd to tc,,t this possi-

First, the widespread etterent traicctor\ of the hility.
LC sýstem implies that its function Is a .eN I The leel of LC actiit. at tin, time ma, be a
global one., ith phxsically distant and function- consequence of the relative influence of each of
ill, disparate brain areas receiving innervation these two classes of inputs, Strong tonic inhibi-
trom (often individual) LC neurons. This notion tion (such as found during PS) could serve to
is underscored by our physiological ,tudies. re- prevent LC neurons from rcspondina to environ-
%ealng that LC neurons arc markedly homoge- mental stimuli during this state, so that LC inac-
neous in their discharge characteristics;: for exam- tivity permits PS to occur. Conversely. ve pro-

pie. LC neurons throughout the nucleus exhibit pose that intense LC activity interrupts auto-
very similar rates and patterns of spontaneous or matic, internally driven or vegetative behaviors
sensory-evoked impulse activity (Aston-Jones and (such as sleep. grooming. or consumption) that
Bloom. 1981ab). Thus. our data. in combination are incompatible with phasic. adaptise behavioral
sýith the -fferent anatomic results review\ecd above, responding and instead engag'es a mode of activ-
indicate that robust LC discharge results in glob- ity characterized by a high degree of vigilance
Al,, sxnchronized rclease of NE onto target neu- and interaction with diverse ensmronmental stim-
rons located throughout the neuraxis. uli. This theoretic framework is consistent with

Plstsynapticallv. NE intluences tarect cells so our observation that LC actisitv is, most intense
,is to relatively promote responses to other, strong just before interruption of loA,-igilance behaviors
,tterent input while reducing spontaneous or such as sleep, grooming or consumption. giing
low-level activity. Such an enhancement of post- rise to alert orienting behaviors.
,synaptic s"ignal-to-noise'" ratios can lead to in- Intense LC activation may occur -hen either

creased selectivity of target cell discharge to favor tonic inhibition of LC neurons (engaged for auto-
specific aspects of their response profiles, as dis- matic or vegetative behaviors) has suddenly de-
cussed in this volume by Waterhouse. Woodward creased. or when excitation impingcs on these
and others. cells (in response to a strong. unexpected sensors

In the context of these presvOtis bindings, the event) that i,, ,,itficicntl\ intcn,,e to ocrcome
spccific conditions of LC acttiation in unaincs- concurrcnt ionic inhibitor\ inputs. Converselv.
thetizcd behaving animal,- lead us to an h.poihc- low vigilance programs maN predominate in be-
ý,,, for L.C function. suggesting a role of this havior whcn either [C discharvc is, .ffectivclyV
sxstem in the control of igilance and initiation of inhibited trom responding to unexpected external
,idaptie behavioral responses (Aston-Jones and !;imuih. .,'r \%hen strong unexpected ,tmuli are
Bloom. l'"8I1a.bh Aston-Jonc,, eatl.. 1984). We not present it the environment. In this way, the
have proposed that the LC is stronil1 influenced LC may serve as a gate to determine the relative
hb, two general classes of extrinsic afferents •,i' influences ot two mutually exclusise sets of be-
possibly derived from t,,o or more separate groups havioral programs. In general terms. the LC may
of neurons): excitatory inputs mediating sensory- function to influence the ocvrall orientation of
c,okcd (or state transition-rclated) activity in LC behavior or mode of sensorimotor activiti•s., to
neurons, and a more tonically active set of in- favor either automnitic, V,,cctati\c bCha,.ioral pro-

hibitory afferents serving to modulate overall LC grams. or phasic adaptive responding' to salient

excitability in accordance with the vigilance state environmental stimuli.
associated with the concurrent hchjis or. ThFe An alternative. hut eqotisilcnt. cxpres,,ion of
niore recent findings that PGi and PrH are major this proposed role for the LC in the regulation of
excitatory and inhibitors afferents to LC suggest vigilance is a role in the initiation of adaptive
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behavioral resnonses. Pronounced LUC activity is
associated with abrupt attention to cxternal stim-
uli, which itself mrmediaitcl precedes. and is a -_

necessary component of. initiation ot adaptive a-
flotoric response to salient external stimuli. Thus.-
in our anali sis. the LC can lovicalii, fit into cit her
sensory or motor tunctions. as,, it is not solely or- -

directly related to either. Analysis of LC function.-
in terms of state regulation is an alternative, and
perhaps more appropriate. tramework.-

This overall hypothesis of LC function can be
stated in more abstract terms ot nervous system
operation. One view of heightened vigilance (e.,q.. A
startle, awakening. or stimulus-c,,okcd disruption L
of ongoing behavior) is that this state is associ- +0I
ated with conflicting patterns of neural activity, . ,~.

hrought. about, for example. by a disrupting stim- -- !PIGi

ulus that is inconsistent with (conflicts with) the--
,set ot stimuli that are predicted or expected to
accompany the ongoing beha%,toral parailgm. The rae
ensuing state of heightened vigilance consists, in Fit, 9 Schematic tillustrating proposed role of LC xs~sem .1' i
this view (Fuller and Putnam. 1966). oit a set of random wacirh generator. Left nanei. Stahle hehavior repirv-
behaviors aimed at reducing or resolving this senied by self-reinforcing (self-conxisienil neural too)Ps repre-

criting diticreni dspects o? ;j sensot -motor ensemble foroconflict, so that impinging stimuli are once again parltiilr sei oii xiimula. Middle Rindl. An unexpected, mean.
predicted by behavior. The mode of achieving IngiUl untilu,iu occurx that ictix.Iitcx [CL'(%ia PGi or PrpflosittJs
this resolution involves investigating or e'xploring hypoglorsi ýPr ii *The glohbal recic~ix of norepinephrine from

I C tcrrnin.ilx su~ppressesio nicC i no -dri,.e activity in lctiidifferent behaj iors in the animal's repertoire (that ,it loops or rclaiinecv enharincc rcxpolixsex to phasiaclis 1rone~
mlay have had a i.eak relationship to a similar jinputs. LL\ahxiuwng and disruptingt Current ongoing behavior
stimulus in the past)1. This *internal esploration" Thi dcsiapiiicd siate by' deiouit 'circhcs- for circuits thai

,iciviv an e ike ed to t rnd m sarh po- ire siit icienik %el -rei cnforcing ino e~lt-consxisteni to estabilis
.ictivlv can e likeed to rando searc pro- x i tahle neurml loof, Rigth p~inei. ci\itii dri\4:n

:cess. exploring the fic Id oI possible behavioral t hefi curi-cnts Ntronaesi xcnlori Cci~n; i and .issocidicki
responses to the unexpected stimulus event. In nmotr idixi Cxi.,hlixhcs i n xc.I! .ioie condjition of fsihat

our lhypothesis, illustrated in Figure 9. robust LC neurai loop jcjtiimt representing a ric\% hehasior or state.

discharge accompirn~ing Such a 'stimulus would
cnigage a random search proces~s by terminating posed roles in vigilance regulation and adaptive
ongoing low -vigilance activity and rearranging response initiation.
neural priorities via enhancement ot signal-to-
noitse ratiois ol target neurons;. lFhis latter effect Fuctnil tiplwatnonsj ot mtajor mnnervation of LC
would result in preferential transmission of ncr- 1?w 116i a10 PrH
vous information concerning salient stimuli and The new findings concerning afferent control
events, thereby favoring responses to the most of LC described here and in Aston-Jones et al,
urgent current stimuli. This proposed role of- the (this volume) have led to advances in understand-
LU as a random search generator is consistenit ing other properties of this s,,stem. One example
with (and is simply a restatement of) the pro- is from the work of Engberg and colleagues who



10Lnud several years ago thalt systemnic nicotine
Potent Iv activates ILC neurons kia in unknown.
Iinkhrvct i nfluence (Lniihcrg and S~ cns'.on. 190
"si cnsson and E'nel.cru. I (NmI Ret~cni %,ork has,
lti'nd tI-il the P~oi is thc criical link in this ýIIA

lkcsIponscL. Hihir cF~idkncv. indicatekos 0iii niicittinti
Nx11i muaics peripheral scnsorý I prcstinahl% %is-
, cral ) allcrents which ill turn actiVatc thec vwita-
torN ami no acid paths av from PGi it) LC I 1-ajos UV ET-

anld Engbcrg, 1988: Chen and En~gberg. 1989:
Engcherg. 1999). These results. and the close con-
neCtion of' PGi to visceral stimuli (via. c.g. . vaga atil
inputs to NTS to PCi) indicates t hat other drugs IiI~

na% aik te the LC in a similar way, and %tiagests a rH
1nc:\ pat hwav for soime psychopharmiacological et'- IAI
lccts. One other example of potent drug effects 4
kin LC neuron% that has been tOUnd to be mcedi-
mitd through the P~i is hyperactivit) of LC neu-
rins during withdrawal fromi morphine, described
.those. Suich knowledec of the mechlanismis of
Orte init luences onl LC neurons is a signitficant
advance as it open% the way for modulation of
these effects, which are thought to he important
lor the psychological and behavioral impact of
many -systemically adminiscered drugs. Fig. 11). Functional atirihulca of the Pr~l. Many PrH neurons.

'The recent findings for major affcrcnts to LC project ito hrain areas associated with ocular. pinnae and head

from the PrH and P~i have also prompted us to movements, till componlents (it orienting behavior. Thus. stim-
lih ihat arc sufficiently intense to elicit an orienting response

extend our theoretic framework to include func- may do so in part through PrH circuitry, which at the some
tional attributes of these rostral medullary re- time may participate in the activation or LC at such times.
gions. as describcd below (Aston-Jones' et al., This model predicts that LIC-projecting neurons in PrH would

1 ~)9()decrerase aciivitv during orientation and release LC from tonic
1990).inhibition. Thus. LC would he disinhihited and prepoitent for

The PrH is classically known to be a preoculo- responding io stimuli at the same lime that %ensoria are

mornn area. It has strong prolections to ocutomo- orienited tioard% the momt salient -t!mii!. hel~in-. !o increase

tor nuclei of the brainstemn and many of' its cells Iilctlnvenc%% io %tiih stiniul. it is inipairiani to note that many
tiispct% of this model remain to he tested

discharge closely in relation to eye movements
fl~aktr. 1977; McCrea. et al., 1979, Brodal. 1983:
McCrea and Baker, 1985). However, as illus- rcstrictcd to the medial and perifasteular aspect
trated in Figure 10, this nucleus also has connecc- of this nucleus. and that the PrH has receivcd
tions to pinnac motor areas (Henkel, 1981) and to little attention in the rat. These properties, and
vestibular nuclei that influence head movement the fact that the medial PrH is a major input to
(Cazin et: at., 1982, 1984). Also, many PrH ncu- the LC, may indicate a somewhat broader func-
rons exhibit activity that does not read'ily fit into a tion for the PrH (or, in. particular. those PrH
strict uculomnotor framcwork-tLopez-Barnco ef neuroits-tht innervate the LC) than only oculo-
a!. 19J82; Lannou et al., 1984). It is important to motor control. In an admittedly conjectural view,
note that the L-C-projccting neurons in PrH are the PrH may be concerned with the initiation and



coordination ol holistic orientat ion responlses.
iat her than just the ocular componcrnt%. In this
framework (illusitratted in Fig. It)). unexpected.
urgent stimuli may influence the Pr~i ito W orient 0 LM
the scnisoria towards salient stimuli, and GOj coor- ,"1
dinate other central processes important in gen-*
crating adtaptive responses to imperative stimuli
(e.g.. increase LC' excitability). As the PrH po-
tently inhibits the LC via at GAI3A pat hway (En-
nis and Aston-Jones. 1989). tlits model predicts
that the robust LC activity accompan~ ing orient-
ing behaviors results. at least in part. from disin-
hihition of LC from PrH (Aston-Jones el aL..

The PGi is a key %Nnmpathoescitmior brain
region. sending strong, projections to dfirectly in-
nervate preganglionic svnmpathetic neurons in the4%
,,pinal cord (MIilner et at., 1988; Ross el al.. 1981:
Ruggiero ei a/.. 1985). Thus. it is an important
brain region for preparing the body it) respond to '.

urgent stimuli in the environment (defense re-
sponsc. "fight or flight- response) as sympathetic
rcspoi ,s to such stimuli may be mcdiated. ata
least 1-i part. through this arca. As such unex- UNEXPECTED IMPERATIVE STIMULUS.
pecteci or urgent stimuli arc also the most reliable Fig 11. Functional attributes of the PGi. The P~i is a key
stimul; for activating LC neurons in rats or mon- sympaihoexcitaiory region. refleciing it% %irong con eci.n Cifll 1

keys (( :scrihed above), this function for the Pcii %ýmptihciic prepaingtiu'nic nciron% tit ihe mnierroediohnterait
celIl coininii (WNI .) (i the %pi 11,1 ci ird. 11 1, known ihal %iirniti i

%sugges% , that it may be involked in activating LC inat atti~aie' ihc peripheralI %nipaiictic~ %%%icrm alm) acti~vate

neuron~s ats well as peripheral sympathetic neu- ihe LC (%cc text): we propow~ ihlii hih% co.aciivat!t)f reflect%
rons in esponse ito such stimuli. In faw(. there is at parallelc prolecti('n% from rU~ to 11%t1. and LC. T us. actlI.I-

remak~ile tmpoal crreatio bewi-e evked lion oi ihe peripheral %%nmpaiiheiI %%Nicrn prepare,, ihe animali
remrkile cmpralcorcltio bewenevoed physically for adaptive phaivo. rcspons%e it) urgeni ~itemiaig.

LC ct-schargc and sympathetic ncr,.ý activity while parallel activation of LC increawe% vigilance and alien-
(EPar et al.. 1981. 1984. 198.5. 19,: .. Reiner, tiveflC%%. preparing the znimi.: foi~r adaptive respon-

196.This led us to test ~%hcther %crnsory re- %ic% it) %uch li~muhi. Ii i% propo%ed thati LC serves as ihe
1986).cognitive limb (it ihe global %%ipaiiheiie nervous sy%.iem. andspons-,; of LC neurons are mediated through the thai cognitive and peripheral ~%mipathfi~c rc%ponse% are inte-

PGi. Indeed, as described above, we found that grated and c~wrdinated throughd Pf',
blockade of' the 1EAA pathway front the PGi
eliminated responses it) seiat ic-iierve activation
(Aston-Jones and Ennis. 1988: Ennis and Asfton- .by projections to both from the PGi area. Prelim-
Jones, 1988), as did disruption of synaptic trans- inary studies indicate that p~ojections to sympa-
mission within the PQi (Aston-Jones and Ennis. thctic neurons and LC arise from separate but
19$8: Chiang and Aston-Jones. 1989: Aston-Jones intermingled cells in l'Gi. Nonetheless, -the PGi
er at.. 1990). Thus, as illustrated in Figure 11. it .appears to be a key area for integr~ttftin~rd
appears that t he peripheral sympathetic system is coordination of activities in the LC and the syin-
activated in parallel with the central LC system pathetic systems.
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Plits analyVsis of the PGi has led us to extend Akaoka, Ii. and Aston-Jones, G. (1991) Opiate wiihdrawal-in-
our 11vPothesiS Of IL-C function, from serving to ttuced hyperactivity of locus coerulcus, neturon% is substan-

'onti!ýtially mediated by augmenled excitatory aimino acid input.w Itr vigilance to acting as thc'cngnii ye limb of' I VviirTj~-rr.prcssI.
a global sympatlhet ic sý stcrm. sc rvi ng it) opt imiz7e \kaii'kj. 1I, Drolt-. 0. C hiang. C ind Aslon-Jone%. 6.
the auinial's behavioral ,tate C\:a licightencd at- 114410i) Loaiil, nalirsine-preciponaied %ithtirawal in the yen-
tention to niomna inl)frmkn irilaitcral icmedulla activates locus coerulcu% neurons vi., anf

envionmetal tirruli)br mkingcitatarv amino acid pathway. N'or .Wtiorvci. Ahxtrr., 16:
adaptive -decisions concerning phasic behavioral 1027.
rk:ý.ponses at thc same time that the peripheral Alcxinsky. T. and Asion-Jones. G. (19(X111 PhysiojagicAIvo'- 1.
sympaithetic system prep,'rcs the animal physi- lates ot aidaptive behavior in the reversal of a light discý in-
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ACLtuC morphine induces oscillatory discharge of noradrenergic locus
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i I, oflr iI Li ,titrin ieurohihaill I. wttrfi' Menitalc.rt jholiI St ,n it-is. Hahnenitntr C no eir.i ti .1 i'dtualSchtoo/, Urritiand Ii e. Philadelphia. PA

iRccoi'd 27 Nomemtrner 1991). Reu%ed '.er'.on received 214 Fehruar% 19)92. Accepted 12 %larch 1992)

Act .,ora% L nol recording. Waking primiaic. Noreri'nephrine. Opniic ahuse. Locus cocrulLsi?.trphinc

\eurori% %%ere reco,deJd e"triccilukirl ' Iromn the loctis cocruleti, 11. i ok, waking. chair-resirfincti cvn~.oInous nionfke het'ore and ior0.S 4 h .ifwr
.iflhiiscui.ir inicoi 00% it morphinc wi~i.ic ill I t me L .i t'onic disc.hatrue of eatch LC neuron tested tn = I I) decreas..ed al'ier morphine injection.
ciii CU .l:,caire it) tic klwdscrenentin for the rnige tit it 11 ill kLe. L ne,(peciettI%. thcse saflie doses. ti morphine also induced a pronounced

si, s :,,harrli paliern i tit l LL. ourons recorticd I 110S. khcrcis tit the flat\% dIanimal patitsc' in dis.charge longier Lflan 3 s. %ere rare durttW
.Aak:flL. w~cr morrh:ne injection L( neuroins ircq.uenils ceshihttd pmiuws in impulse iicimt% tit 10 %I or longecr dtiingi non-drko. %%a ~kng. The brt

*icu a:it lohos. n~i morphine corrc~pondIcd it) orienting hchas or% or apparent alertness. o h ik~spuses %4rc as,,ocwt~ed s% iih ckc ciosurc or stlo %
,1r~iitli! tit/c 1.losr .inals si'. revealed thait this hwrsipatitc .01\11\ ri~oi'pern was omcu~hat reL'iilar. %'. oh i period ol'ahoril 15 1-4 s This obsertiatioii

, as. .oiilirinco n% ,ruiocorrclogram ainail\sis tIt %:% oft pres ou, finding,% in rodent LUC. sse sttgLic~i that .cieue morphine elicits it dual etK'ci on primatle
LL neurons, inhibition oi dichjtrge hý. direct etlecis on opiatte receprtors located on LC c.ells. tnd periodic phas.ic acltisatton mediated by excitalory

ail~erents to the LC

Se~erail findinizs indicate that the noradreneriatc neu- directly applied to LC neurons hvperpolarizes these celk,
rons of' the brain nucleus locus cocruleus i LCt may be [6. 14. 341 or inhibits their impulse activity 14. 16. 321.
important mediators of the effects 01 e~ogenouIS Opiates. studies using ssstemnic morphine in unanesthetized ant-
LC neurons are heavil invested %%th opiate rceptors mals have heen less consistent. In unanesthetized rat.
ipredominantl. of' the P subtN pe; 12. 25. .101) and ex- Valentino et al. [32] found that tntraventricular mor-
og'enousl , applied opiates potentl\ inhibit inmpulse activ- phine inhibited LC discharge while Rasmussen et al. [27]
it. of' LC neurons [3. 6. 14. 16. 32. 3-11. These findings. reported that intravenous morphine increased tonic LC
coumbined with the many roles proposed for this ubiqui- discharge in cat. However, there have been too few stud-
tous noradrenergic s~stemr [7. 9 11. 161. hatec led to pro- ies of morphine effects on LC neurons in unanesthetizcd
posails that the LC systemn mediates se%eral effects of'opi. animals to resolve such conflicts, and no such studies in
ates. For example. the LC has been proposed to play an primates. 'Iherefore, we investigated the effects ol'
important role in analgesia [23]. so that opiate actions on acutely administered morphine on discharge of LC neu,
L-C neurons ma,6 be one avenue for opiate-induced anal- ronfs in the waking. chair-restrained cynomolgus mon-
jzesta. Similarly. LC has been proposed to play at central key. Our results reveal that morphine acutely decreases
role in regulation of behavioral state and alcrtncss [7. 91. LC discharge but simultaneously increases periodic
!trinctions markedly altered b\ optaics in a manner con- bursting o1 these neurons [26].
si'.tent with mediation I hrough the L( ,\,,temn. Fi-nall\. a A malec ciiltnrniolgusi monkey ( lhcnwu ieixwuerixv. aip-
host of Ntudies indicate that heightened LC discharge prox. 5 k6l %%as habituated to chair restratint and trained
during opiate withdrawal may mediate %arious symp- to perform a visual discrimination task (5. 8]. Subse-i
toms oi the opiate withdrawal response 118. 191. quiently. during sterile surgery chronic electrode holders.

While sevcral experiments have found that morphine wvere affixed to the skull bilaterally for recording impulse
activity of ILC-ruturons. along with a post for fixing head

.rrrpnd'n~ ( .sion.Jones, Disi'ion oft Hchavii'ral Neurohiol- position. The electrode holders consisted of' a cylinder
otty. tDepiartment of Mentail Health Sc~ience%, Hahnirminn t'ntver%ti% which held it guide tube (18 igauge) stereotaxically di.
Medical School, Broad and Vint. PhiladelPhia. PA 19102. USA. rected at the LC. One or two microwire recording e@1cc



nodes (2 urn diainete.r. faJctorý preinstlhitckd %%ere At the e~nd ot the Last recording session I'M each hernt-
placcd In a12 cabreet! Inner canlnuki Ind inseCrted through ,phere. %:ti t.I 1 PAi sit " Is pais,:d t hrough the lip
onle oit the gcilde canno1tlae to r'ecord IntpulseaVr titot of the mrcrotm ire recordint. electrode to mai~rk its position
LC neurons I lit recording electrode inner c~ani Lila %%d as fi LC. [he tnonke\ %%,as sacritivctd h pertfusioni under
attached it, Ice-p enmicrokiri'e Mu Ich alloiked deep rinebutal anesthesia 2 and I (I d a~s after marking

dorsm~entral irio~ ement in Increments tit approximatelY lesion-,. Frozen sections (30 um thickness) were taken

-;tdr. Vhe recording inickro\% ire estcrnded appromifliatel\ through the LC. alternate sections \%ecre stained for N'i-ss

[1M) belt% 111 UIKI he 1urd d Iniret .a onI ulaC \\henl posi- Wres\> I tolet) tit or "h an antihod>\ against ti rosine h\-

noned in tit, UeL All [ lIr-irearimplitrer a ti a1chd ito thle d rox lase (Ii m. t~icn recli mouse mnonoclonal. A BC-

tmiucrodri c vi o% ided a low, -imnpedaile il r~f1ow ireC record- peroxida-;cr Rn. mrqan sites were estimlated b% compar-

rMei~n SIM1. M n,:h iw as ted ' ia o' erhead :ables ito :oniven- Ing the decpths noted duringL recording sessions with the

Ilona]ltilters and amnplitiers. LC neuron-, were tentatively loications otf the marking lesions inI cach hemisphere. A\ll

localized durint: recording sessions h\ their characteristic dlata reported here- are t rom rcLordings presumed to ha~c
dis.charge ;,roperties. including, Io\\ imipulse activity been obtimned fromII ii radrcenprýi I (neurons based oin

(ahout 1 4 spikes t.* matr1cdI\ deu:Lcased t0s1iii.cl\I M ati ltt> i histloic lo'..1tioilal :11 ksitIhin tlT1l~~' 1

durnQ nperiods oI d ooies nd biphasi'c e \0 t.1 br posit i~e LC( n icuons, and uiII di,, haivc ea tires1C. charac-

!nh ibitor\ reSpon..es ito nome ci timluli i 15. 1(). 21)1. TVhe terist ic ot' noradi relergic LC neuron, in prc% tous st udies

position ot t he Ltiide tube could be Jd~iusted after stir- (nec above).

eer%. No that multiple penetrations through different ros- "rhe discharge ot' I I LC neturon, %%,I recorded betfore

roCa Uda I or med iola tera I posit ions xkcrc possihie with and alter variouls doses 01' morphine tIor- 3 for 0.3ý. I and

onle implant1 3 111L kL:,r t 2- for [I tilt! kgy Hit: .cicct% of' morphine

D uring tc rord inc ses-iions, thle antimal wkas plac~ed In a \%cre slimilar ti ont cell ito cell iii thit, population, and tile

c Listomi/ed c in ra ble prinmte chair inside a Ia rge resuilts gi~en helow are typical.

s"ound-attenuiating! chamber. and his head %%as fixed in Morphine decreased thle rate 01 tonic dtischar-ge of each
place b\ an overhead arm attached to the head-miounted LC neuron tested. The rate-depress-ing, effect of mor-

tixation post Thle animal adapted rapidly to this re- phine appeared to he time- and dose-dependent in the

straint. never showked swins of' resistance or antaconlistic range of' () 3 tiltg kyg Fit! I~). rhere %%,Ias an o%crall ste-

heha' ioi. and wustliK climbned \oluntaril\ t rorn his cace nilicant effect ot time and dose on mecan tonic discharge

ito the chair Pupil si/c and eye rno~enents were obserxed rate IF = 34 2. P -' (M)Il: ANOVA %ith repeated measuresi

mai an in trared %idesi camera positonelld nlear thle orbit Morphinle niijections had profoutin effects onl beha' -

And video mtonitor outside thle en'ironnmental chamber. ior. which varied %kith tile dose: gi'en Thle lowest dose

Btetore morphine injections. the animal performed a %is- (0. 3 tigt kg) arrested performance on tile discrimination

IAt discrimination lask (Or anotheri esprinient 15. S'I task and ga'. rise ito epochs il1) oi % t onal of fixed or

idata not shown V'he animial t ý icak xi p~ed pe~rform- s-lowl\ drillting, ga/c %%hitle the puplil diameter oscillatcd

ine this task shortI'. aftecr morphine iniect on widely. The highlest dose ( lit mv k y, 1 periods of

Morphine sulfaite wast, dissol'.ed in xa;ine ind intiected apparentt dirow iness. %%hen thle animal closed his, eyes for

intratiusctilarl\ t in (1 4 0.,N tilt. in :Into nreck muscles) 10t 301 s and wast Immobile. Ooses oft I milt kj; and 3 Ing~

w~hile the amnial wkas distracted b\ presentation of or- kg caused episodic behavioral sedation intermediate he-

anve-tiavored jtiice. Injections elicited little or no distress. tween these states, with proloinged periods of inmobilit\

iromn thle ,tirilI mchairve oft Iinele ILC netiron as and li~ied ortit- 1111Ln ea/e ; Ind ptipil lticnt ual tons. but no

recorded for at least 31) mmn bettim corh miorphinie mijc- oir tint occasional eplochis of eye CloIsure.

ion. and I or ;11 minn 4 I1 aIerwa rds ()inc intect ion onl\ IIn add it ion to decreased av~erage diseha rie. We Were

w.as made per da,. and per cell. *miid Infections %%ere stmrprized to observe that after morphine I-C neuron-.

spiaced .pal it h'1 atlast 5 days itsua~tll longer: a'.erace consistent ly eshihited inarked hurso is o acti~ity inter-

inter'. at betwýeen infectitons 201.5 da%,sI'lie order of mixed w 1ith roloniged (10 s or loingert potises in dis-

doses was %;tried in at serni-random :ashion charae: LC iwbirtln- did not exhihit such btirsi-pause ac-

Spike data were cont inuousl.% collected ton computer tivity pattern% in the absence of morphine (FVie. 2). While

disk and ana l\ /ed oil-line ((.tiihridge Elect ronic Design difficult to qIuant tt'v. this hurst-pause aotisity pattern .IP-

14(01 interlace. Spike 2 software). Mlean tonic discharge pearcd to bN most intense with the A tng~kJ and 10) mgAkg

rate was calculated in 500 s binls. Other data %%ere ana- doses of morphine (Fig'.ý. 2 and 3). hut %%a prsnwith

Iv/,cd from discharge frequency plots: these are plots of all doses tested. InI addition. this btirst. pause activity

the mean discharge rate for an individual neuron during pattern occurred with some regularity. Observations of

thc 10 s interval preceding each spike. 4Ldischarge rrequency plots and autovorrclation analysis



it'\ aled tha~t huists anld pa uses III actl~t itenSided ito
ktc~ur \s th a period ofbet\ween I5 akid 1i s I Iig, 3) 111 100,0
")oIIIrk IN1It, thle aiiiplit tdVN Ot IluIctuai LIM 101, 1 Ctl\ lII.\ this-
pcer~odIctsIt ot fluctuatlolls appeared ito tic approxiniatcl\ IWO0
hc Same to r di I crelt doe of morph ine .

Ie he l1st`,- PIs J011t\11\ fi.lttcrit il 01IA lietilol" ,tlter

11i01rp1Iic \% as closel\ rekitLcd ito abrupt changes iii a ppar-u
bcha'.elm~orai state and activiltv. Bechavioral state was 4O.O

cateceorr icd using distinct patterns of eve movemenet oh. C
sesdon the ocular %.idco monitor. as, tb0llosss apparent d. 0.1 1111W 111411,1.

eCdaItion or inat tent i~tcness %%as scored for epochs oFfflxed 20.0.
Or sit)\% Iv drifting gaze. %\ title apparently Increased alert- ,, ,

ness and attentiseness wvas scored For periodb of phasic 00)1) 3
e'.e mosements and visual exploration. A.s noted ihsosc. Ti0 alte 7neo 100 13

after morphine the animal exhihited \arious dcierecs. of
episodic sedation. dependent upon thc dose idniinis- He I Wa~it perveni~i- it re1 fre-true thigswiinci rontflancou% discharve

tered. We rioted that kll LC* ncurm ins recorded alter m~r ralw btr t.( neu~rons h'tll~mine i rn niorphine' it aiilercni dosos, as indi.

Phin cosisentk cthiine inicnIt\hurt \ ith Io ell mied D).1i.1 aic .msrameed tor I eicts o~r cach dose. eckept 1Ii mpgk.
phiic onsstcr l cli hited n at i i host ~ ii, 01 cn hich iý lo 2 "i, sic i~rli.ipren ni mc- anmd dtose-drcpndLien i decrease

1 ad%,talice oh . bruptk I~ncreased ailertness,. and a pa u~c tit acti ts \aridit haNattaci~mhed to dacsmhk*re nican values of
in discharmze \%-,h seduation or inattentisteness. rhis rela- Inc staIndard errors tit ihe niean isir ihe pomlnis in edch c.orresponding

tionship %%.I-. most apparent %\, ih high doses ol morphine: do curse
t% hien the animial closcd his e,.es. LC neurons %%ere mnac-
ti \e ( generating thle pauses in acti It\ ). hutl hecamec icti\e
.taiain when the nionkeý opened his e~ces and explored hi.. neuron c\amnincdl .All cells exhibited decreased activity
environment I\is edinge thle bursts in actiosIt\s' With lower .m~ter morphine. A\ll doses ol'morphine also induced peri-
morphine doses. the Namie relationship ssas obsersed he- odically oscillatory discharue oh' LC neurons. with.
tsseen disc~hairke and hehasi ior except that ce e closure did eireater doses inducing apparently more intense fluctua-
riot oiccuLr Inisie.id. lie, mion kcý periodical l\ attatined at tions in actis ity Nonetheless, the period of these oscilla-
hsed or 1lsh drittirig gaie %% hich ssa, Lonsi.-tenik~ is..o- lions %%as surpri-inel\ uniform ( 15 15 s) between doses
ciated %%oth LC macio Ist\ . such periods LiswlkL~i\lsted 1 0 aknd neurons
,I) s r~ picalls. the mionkes then abrupt l resumed .itse The small numher oF cells. repeated minections into the
Oculart 1inosemerit arid exploraition ol hit, cii'akinmntcl. same animal, and the single monkey studied are limita-
and this behmkixoral .hanece %-. as, closels v,isociated %% ith at tions of the present stud%. However, these limitations are
hurst oi LC actists1 and continued tonic dtischanize. offset to some extent by the similarity .among monkey

Trhe chIn~ce in, LC diseharae and hehas io. Induced hy LC neurons studied here and in previous reports IS. 8. 10.
morphine persisted throuehout1 the period-dairirw! s\hich 15I. 16. 20.,21..
iidts idalJ L.C n;urorms %%ere recorded (tip tot 4 Iti '111.s. Doses were separated hy at least 5 d (average = 20.5 d)
there '.s as not apparent receot-rv trorn acute morphine el- to minimize the possible development of tolerance: this is
heels within the time frame examined here. an important consideration as LC neurons have been

found to exhibit profound tolerance to morphine with
Fihe present resuilts demonstrate that s~stemic mor- fr , quent or continuous exposure [6. 1 31. However. with

phine in the awake monkey decreases tonic L.C discharge the temporally separated in~jectionvs used here tolerance
hut simultaneously Induces L.C neurons to exihibit oscil- to morphine wats not apparent in either hehavioral obser-
lator% hurst-patose act'. ity %% ith a period of 15 35 S. Fur- %ations or cellular activity.. Nonetheless, it will be impor-
thermore. these dikcharge patterns of LC neurons \\ere -tant to confirm these results in additional subjects.
closely related to moicrphine-induced behaviors. De- Another concern in the present study is the route or
creased dischar,_e corresponded with apparent sedation administration employed. Morphine reaches the brain
or inattentiveross. while bursts of LC activity I iiere more slowly by the intramuscular route employed than
closely associated with apparently increased arousal and when given intravenously, and previous work has shown
alertnecs%. Thus, the periodic oscillation of LC discharge that the rate of drug access to brain is an i.Important fac.
aifter morphine .orrespondcd %itith periodic changes in tor in determining behavioral effects 1221. In addition.
behatvioratl state. opiate abusers typically administer drugs intravenously.

The effects of morphine were very similar for each LC However. morphine given intramuscularly is not sub.
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ot discharve avcragcd ov-er the 14) s niema.i prxecdine ecieh -spike Note that in .tidtton hiln qviinLrailt ilecrcate in mný,ii1 di-shargi: with time. activilt
Oliu~ite morkedl-saltier morphinc. %%iih r-11,,s inicr~psercd .imo'ne htirst% of diOharpw Wit, nmi ed hand k; orrosp'nj to cpoi.:h% c~p~ndcd in tim-.

iIt .ino t. . repecteiit Badrs nmarked d I -.orrespond ito p, t durnng u hich inter-spike inter-s l histigram% ucre t~ikn. -hovn in 1) F. re~peettvcI%

It di h.irx irequenox plot of the -sam: L. ncition a,' in V hwit .1hie3jer temiporalt re-snltitiin. heliuir morphine rhi% plot uoiie-spund-stty the epoi.
liarked h' in *\ Comipare to .1 simil.,i remiltitioli plot aflter morphine, %hown 111 CL (. di-seharge freq~uency phlo ot the %aine 1A( neuron as in A. but ;i

higher temnporal rreolution. after morphine. This% plot correspontis to the epioch mairked c in A. Compare to a similar re-solution plot berore morphine,
shown int B ) F inierspike interval hi~topram% ilSH'.tolactivit% for thi- neuron Weoreti)D: tatken from epoch d in A i. orticiermorphine (E and F
tauken at epoc~h% and f in A) Note the increawsd proportionis of short and long intcrspike inler-sa% atI- er morphine compatro-t to before morphine

jectted to 'first-pass' liver metabolismn. and reaches the 1221. the monkey in our study typically began to, show
brain substanwtally faster than after oral administration clear behavioral signs of opiate intoxication within 2 min.



Mt inlection. It N ill he ol interest ito detcrmine ii result..
d ifer compa red to intIravenous iniect ion% in I Uture 'IlUd-

Thc present result,, are coflst-teitt %% it h hut extend nrc u
% ous reports if opiate elfects on LC neurons. StudieN ifl
%itro ha~e clearly sholsn that opiates act at a receptors to
directiv inacti~ ace LC neurons b% hyperpolarization 13 40I

34.Similarly. local application of opiates on:o LC tel.1-
inons in vito has consistently been found to pqLentI> de- ~ H1AI1I1~
crease their spontaneous discharge [1. 2. 'j. as has intr 0
%entricularb. administered morphine [3s1 331. Flotever. 0 0o 20 30 40 so
ef ects of systemic morphine on LC cells ha~e differed formnue
studies in anesthetized ys. unanesthetized animals. Inves- It;3 icap rqec ltfrAtpclL ernbfr ntigators have cor~sistentlv found that morphine p~en in- :c'io 3.Dscat inrcpuine mlg ker d~ i~~.ulL ernbi atnrrm
trav~enously to anes'thctized rats rapidl, and potentl% iii tie in~.irv Cin u ir~~t ~ui~iosi ieai
hibits LC disharge j4. 16. 24. 311~. -lo%%e'er. in %%.akinie t.mi ioilotrne morpnmfle \oic a.io ihmil Iuch t~ioua.isoin% Appear to

Mjs traCenous morphine ;s reported to *icti'~ate LC '~r~mn~~iriu~m.wt eid0 0% lnwi. AUtocorre-
neu rons 12-1 Th is d :~crepa ncy ma\, indicate that af diller- og'ramm ofi 1him kcii - I ti. ior ;o inm. heginnmingl inin Aftiier mor-

ent population of LC neurons %%as recorded in .,.i .a ;e hinc inivoitinm \w'c . osmiiatimr% .moti~m ii% Atit pcrmmod ofi aho-j 2111
cies ,% hose neurocnemicalls heterogeneous LC nucleus
makes idcntificatiun of noradreniergic neurons uncertain phasic afferent actixation of LC neurons. and tonic direct
In additiv -n. cats t'.picalls exhibit a dfferent beha'~ioral inhibition ol these cells by morphine. rhe apparent cor-
response to opiates than other species: opiaites orten acti- relation outchanaing beha%,ioral state vitith this oscillatory
sate rather than sedate these animals [177. 291. Such be- discharge of LC cells, in %few of our preliminary results
havioral activation maý give rise to hiigher L.C activity. as for such periodic LC actisityl lof much smailler ampli-
LC neurons are wvell-kriovsn to be tiihtly linked w~ith be- tude) in the undrugged animal and other findings of ul-
havioral state in this mananer 17 9. 15. 16. 20. 2N]. In- tradian fluctuations in EEG and state of 'waking mnon-
deed. this w~ould be consistent \&ith the present result.- keys 114). suge~'sts that hurst-pause: fluctuations in LC

shwi t close association between morphine-induced dischargec alter morphine may he partially responsible
behaviors and oscillations in LC activity for the corresponding fluctuation% in behaxioral state.

The periodicallý oscillatory actis it' obserxed %%,t,. un- Similar periodic changes in %late occur in humans after
e:xpected but pronounced after morphine. Ho%.%e'er. pre- opiate administraition w.hich appear as 'the ntods. as it
himinar. ainal~'s:s 1indiCats that siinidtr oscillations ma% person 'nods' in and out of aiwareness of his surround-
al1so occur spontaneoushi \x'iihout morphine. though ings.
much smaller in amplitude. rhis may he reklted to results The present resuilts may indicate. therefore. that mor-
of similar ultradian fluctuations in the EEG tnd beha'.- phine potentl\ influences LC neurons not only by direct.
ior ot monikeys pres tously reported 1141 actions at the membrane level, but aiso b% actions upon

The mechanism b\ which morpliine induces thes 'e circuits afferent to LC neurons. These results point out
changes in monkey LC activity is not known. However. the importance of study~ing drug ecikets at the system
previous work in other species ;illows reasonahle hypoth- level in intact animals to fuilly appreciate the effects on
eses to he gzeneratcd. One possibility is that the decrease neural atcti% it%. I hese re-stilts alsi' indicate I .iat afferenits
in tonic LC dischargec is induced b\ the direct action of to [C may he additional targets for pharn-,acologicaliy
morphine on LC neurons. consistent with previous stud- manipulating morphine effects on LC disch.e rge in clini-
ecs described above. However, systemically administered cal treatment ot'dr&-oabuse.

morphine in waking monkeys may also induce changes
in the activity of atferenits to [C which may' be responsi- We thank Dr. Yan Zhu for excellent hist mlogical and
ble for the periodically oscillatory disýcharge observed. immunohistochcrmcail processing. This wo' 1 was sup-
We propose that morphine may potent iate a periodically ported by PHS (irant DA06214 and AFOS: Grant 90-
active excitatory afferent to the LC. either hý increasing 0147.
the activity or transmitter release of these alferent neu-
runs, or Iny altering the sensitivity of LC neurons to such Accohe ED.L~n.ES n j~s .\mrijee
inputs. The presently observed effects of morphine may morphine suppresses the activiy or locu. cocrulcu% 7ioradircnrgefic
then result from the superimposition of such potentiated neuron, in freely moving cuts. Neurnmie. Left.. 816 11 AtN) 334-339.
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